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PREFACE 


The  expanding  rota  of  the  helicopte  r  end  the  intensified  threat  perceived  by  its  potential  users  have  led  to  proposals  for 
future  rotorcraft  with  characteristics  significantly  difterent  to  existing  types.  The  resulting  rapid  evolution  of  rotorcraft 
configurations,  in  response  to  user  demands,  now  requires  a  translation  into  design  criteria  to  permit  the  aerospace  R&D 
community  to  provide  appropriate  and  cost  effective  responses  to  these  demands.  The  objective  of  this  symposium  was  to 
explore  the  impact  of  operational  needs  on  the  evolution  of  rotorcraft  design  and  to  identify  priorities  arid  neglected  topics. 
Three  specific  issues  were  central: 

—  The  translation  of  operational  mission  requirements  into  design  criteria 

—  The  evaluation  of  techniques  to  incorporate  user  defined  needs  into  the  design  and  methods  of  test  and 
verification 

—  The  identification  of  design  areas  wher  e  unusual  or  new  user  needs  are  demanding  special  or  radical  features. 

All  papers  were  obtained  by  invitation. 

This  conference  and  these  proceedings  were  assessed  in  a  Technical  Evaluation  Report,  commissioned  by  the  AGARD 
Flight  Mechanics  Panel  and  published  separately  as  an  Executive  Summary  as  AGARD  AR-243. 


Le  r61e  croissant  de  I'hilicoptere  et  de  la  menace,  de  plus  en  plus  pressante,  perdue  par  les  utilisateurs  potentiels  ont 
conduit  i  la  formulation  de  propositions  pour  des  futures  voilures  toumantes  dont  les  caracteristiques  setont  tres  differentes 
de  celles  des  modules  existants.  En  reponse  aux  demandes  de  1'utilisateur  revolution  rapide  des  configurations  des  voilures 
toumantes  impose  maintenant  la  traduction  en  entires  d'etude,  afin  de  permettre  &  la  communauti  de  R  et  D  aeronautique 
de  foumir  les  riponses  approp  rides  et  le  coOt  riel  de  ces  exigences.  L’objectif  de  ce  symposium  avait  pour  objet  de  passer  en 
revue  l’dtat  actucl  de  la  conception  des  voilure  toumantes  et  de  mettre  en  exergue  les  priorites  et  les  omissions.  Trois  points 
specifiques  etaient  au  centre  du  problime: 

—  la  traduction  des  exigences  requises  pour  les  missions  operationnelles  en  criteres  conceptuels 

—  revaluation  des  techniques  pour  tenir  compte  des  besoins  de  1’utilisateur  au  niveau  de  la  conception  et  des 
methrx’es  d’  ssais  et  de  vilification 

—  (’identification  des  domaines  d'etude  oil  les  besoins  nouveaux  ou  inhabituels  de  1’utilisateur  demandent  des 
caracteristiques  speciales  on  essentiellement  differentes. 

Toutes  les  communications  ont  etc  obtenues  par  voie  d’invitation. 

Le  compte  rendu  du  symposium  demande  par  la  commission  Micanique  du  Vol  de  l’AGARD  contient  un  rapport 
devaluation  technique  qui  est  aussi  disponible  de  facon  separee  sous  forme  d’un  resume  entitule  “Executive  Summary. 
AGARD  AR-243". 
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LE  DIALOGUE  WIJUTIONNELS-INGENIEUIlS, 


M 


P" 

Gen.  GJWkteuf,  COMALAT 
78  ]  29  VUlftCoubUy 
France 


Je  voudr^la  d'abord  voue  dirt  comb ten  Je  suit  honor*  et  heureux 
de  particlper  4  c e  aynpoaium  et  je  rMtreli  Its  organiaateurs  de  me  parmettrt  de  d4vtlopper 
Jevant  unt  aueal  doeta  aaaeablAe  un  sujet  qui  me  tlent  A  coeur  tfepuis  dt  nombreuata  annltd, 
tt  qui  •  '  inter  it  dtnt  It  donaine  bttucoup  large  dtt  condition!  k  rdtlltcr  pour  qu'un 
programme  dt  mat4ritle  nouvttux  toit  men4  4  terms,  4  it  tttltftction  *4n4rnlt,  jt  vtux 
ptrltr  dtt  rtlttiont  qui  dolvent  e*4tablir  tntrt  "tacticiena”  tt  "tachnicisna"  tt  plua 
prAciatmant  du 

dltlogut  opArationnele  -  ingAnitura 
ou  Atati-majors  tt  dlrtctiona  ou  tarvicss  technique!* 


II  ftut  bien  reconnoitre  qut  ct  "dltlogut"  t  toujour.* ,  ot  e'eat 
encore  It  eti  aujourd'hui,  4  un  dtgr4  moindrs  espandant,  felt  I'objtt  dt  nombrsuean  criti- 
tiquta  : 

-  on  te  pltit  touvent  4  uouligntr  lea  prAoccupationa  dilfArantaa  dt  l'Etat-Najor  et  Ota 
direction!  ou  aervicea  techniquea  : 

.  Au  premier,  le  aouci  d'obtenir  un  matArial  rApondant  le  aIsux 
poaaibit  tu  bt&oin  militairs, 

,  Aux  aeconda,  la  prAoccupation  d'ebord  d* assurer  un  plan  de  charge 
4  certalnea  entrepriaea  ou  de  vendre  A  I'extAriaur,  ct  qui  conduit 
parfoia  4  "nAgliger"  en  partie  It  aatiafaction  du  beaoin  militaire. 


A  un  autre  niveau  et  dona  le  langtgt  f  ami  Her  dee  officiera  chargAa 
dee  programme!  de  matArlela,  troia  affirmation!  reviennent  r4guli4rement  : 

-  "On  n'a  pat  ca  qu'on  veut", 

-  "Ca  arrive  trap  tard", 

-  "C'tat  trap  cher% 

aanapoucaer  plua  avant  1' analyse  dee  diffArentea  reaponaabilitAa  d'un  tel  4tat  de  choses. 


Ceci  n'sat  plua  admissible  et  le  dialogue  "opArationnela  -  ingA- 
nieura"  doit  conatamment  4tre  amAliorA,  car,  de  sa  qualit4,  peut  d4pandre  la  r4uaaite  ou 
1'Achtc  d'un  programme,  et  ceci  eat  particull4rement  vral  pour  lea  h4licopttrea* 

Lea  donnAea  de  baae  du  dialogue  op4rationnela  -  ing4nieura  ont  4t4 
en  effet  profondAment  modlfiAea  dans  tint  p4riode  rAcente  en  donnant  4  ce  dialogue  d'tilleura 
une  diaention  tout  4  fait  nouvelle. 

Je  voub  propose  done  d'aborder  aucceaaivement  lea  points  auivants: 

-  lea  nouvtllea  donn4ea  du  dialogue  "op4rationnela  -  ingAnitura", 

-  lea  reaponaabilitAa  dee  op4ratlonnela  dana  la  d4finition  des  beooina  ot  la  conduite  d'un 
programme , 

-  lea  reaponaabilitAa  dea  ingAnitura  dana  la  realisation  dta  outila  techniquea, 

-  lea  aa41ioratlona  poaalblea  du  dialogue. 

Au  paaaage,  ja  voua  donnarai  quelquea  prtciaions  aur  lea  concepts  gAnAraux  actuals  da  l'ALAT 
Franqaise  dana  la  domain#  de  la  rAaliaation  dea  mat4riela  future. 


1-2 


1 )  Ua  donates  nwgiUit  du  dl>lqm  gfettlowgli  ~  ln^Ugg 


TroU  ractaurs  importanta  nouveaux  viennent  de  Modifier 
profondAment  let  donnAea  du  dialogue  opArationnels  -ingAnleurt  tout  an  donnant  4  ce  dialogue 
une  eutre  dimension. 


Le  premier  concerns  le  proceteue  d' adaptation  d'une 
rAallaation  technique  4  un  betoin  opArationnel. 

Juequ’A  une  pArlode  que  1 ' on  peut  eltuer  tu  milieu  du 
aernler  :onflit  mondial  e'est  le  beaoln  opArationnel  qul  provnquait  ou  accAlArait  un  progrAa 
technique  dant  un  domaine  ov  une  direction  donnAe  :  le  beaoln  opArationnel  prAcAdnit  le 
progrAa  technique.  II  ne  fait  eucun  doute  par  example  que  e'ast  le  beaoln  vital  d' assurer 
la  a4curit4  dea  Ilea  Britanniquea  qul  eat  k  1' origins  dea  progrAa  rapidea  dana  le  domaine 
dee  radars* 


Aujourd'hui  on  asaiste  tout  lea  joure  4  une  "explosion" 
de  d4couvertea  ou  progrAa  techniques  dana  beaucoup  de  domaine*  ou  da  nombreuaea  direction*. 
II  tie  a'agit  plus  alora  pour  1 1 opArationnel  da  ae  contenter  A’ exp rimer  un  besom  at  da  laia- 
aar  4  1'ingAnieur  le  aoin  et  la  reapontabilit6  de  rAaiiaar  l'outil  correspondent , mala  11 
a'agit  au  •jontraire  pour  l'opAratlonnc?  at  1'ingAnieur  ensemble  de  eaialr,  event  l'edvir- 
ealre,  le  progrAa  technique  qul  aura  lea  Incidence*  lea  plus  import antee  dana  le  domaine 
optrationnel* 


Le  t'euxiAme  facteur  concerns  la  rAallaation  de  l'outil 
de  combat  lui-mAme,  Juaqu'4  nos  Jours,  dans  i’ALAT  franqaiae  en  tout  caa,  on  a  tou Jours 
adspt4  un  armament  4  un  hAlicoptAre  exiatant,  con?u  d'ailleurt  4  dea  fine  civilea  s 

on  mllitarlaait  un  hllicoptfere  civil  (4  une  exception 
prAa  :  le  SA  330  PUMA  qui  rApondait  lui  4  dea  caract4rlatiquea  militairea  mala  ce  n'4teit 
paa  un  h4licopt4re  armA). 

II  est  Avident  aujourd’hui  que  l'on  ne  peut  disposer  d'un  h41icopt4re  de  combat  parformant 
qu'i  condition  de  construire  1 'hAllcoptAre  autour  et  en  fonction  du  eyat&me  d'armea  rsttnu. 
Je  ne  donnerai  qu'un  aeul  example  : 

on  ne  construit  paa  le  mime  h41icopt4re  AC  auivant  que 
l'on  dAcide  de  l'Aquiper  d'une  optique  de  net,  de  toit  ou  de  mit. 

La  troiaiAme  donnAe  enfin,  et  j'ai  gardA  le  meilleur 
pour  'a  fin,  e’eav  1' importance  priae  par  le  facteur  coQt  qui,  4  lui  aeul,  s’il  n’eat  paa 
ou  n'il  eat  mal  mattiTaA,  peut  remettre  en  cause  la  pourauite  d'un  programme. 


11)  Lea  responaabilitAs  dea  "opArationnel*  : 

Voyona  done  4  la  lum'Are  de  cea  troia  do»m4ea  de  base 
lea  reaponaabilltAa  dea  "opArationnela";  ellea  a’exercent  dana  dtu>;  domalnea  importanta 

-  la  dAfinltion  du  Bosoin  UpArutionnel , 

-  le  dAroulement  lui-m^me  du  programme. 

II  y  a  dana  cea  deux  domeines  dee  fautea  me»vieuren  4  ne  paa  commettre  aoua  peine  de  compromet* 
tre  un  programme  tfana  lo  plus  mauvait  dea  caa  ou,  au  minimum,  d'en  augmenter  lea  coOta  Uana 
d ' impor tantea  proportions.  M'odressant  4  une  aasemblAe  eaaentiellement  compoaAe  d' IngAnleura, 
done  de  resptnsablea  de  la  rAaliaation  de  matAriela  a  qui  on  reproche  aouvent  de  "fabriquer 
trop  cher",  je  le  die  nettement,  **,  croyet-moi,  ce  n'eat  paa  du  tout  pour  voua  fairs  plat- 
air  : 

"  *' optrationnel"  a  aouvent  auaai  une  large  part  de  reaponsabilltA  dana  lea  coQts  exceaalfa 
dea  matAriela,  toit  pares  que  le  beaoln  a  AtA  mal  apprAciA  ou  insuffiaanment  prAclaA,  aoit 
pares  que  le  programme  lui-mAme  a  AtA  mal  conduit. 

22)  L'aPbrAclatlon  et  1* expression  du  Beaoin  ;  du  danger  d' exigences  exorbi tantea. 

On  ne  soulignera  jamais  aaaea  1' importance  de  cette  premiAre  expreaeion  du  beaoln  que  cona- 
titue  la  "ficha  de  caractAriatiquea  militairea" (qui  a  auremant  son  Aquivalent  dana  lea  autrea 

armAes) . 

Cast  un  document  capital  pour  la  rAdaction  duquel  "1 ' opArationnel"  doit  fairs  preuve  d'un 
grand  rAaliama  en  n'exlgeant  ni  1‘ inutile,  ni  1' impossible  ...  tout  en  ae  projetant  toujor.rs 
dana  l'avenir. 

Combi  an  de  matAriela  Ataient  irorta-nAs  dAt  le  atade  de  1' expression  du  beaoin  car  celui-ci 
avait  AtA  mal  appr< ciA  (au  regard  et  du  beaoin  opArationnel,  et  dea  poauibilitAs  technique*), 
et  pour  leaquela  on  a  cependant  uApensA  dea  aommea  impor  tantea.  de  donnerai  dans  ce  domaine 
deux  examples  : 


-  Le  premier  eat  celui  du  SA  330  PUMA  dlt  "version  coaplAte"  qui  devait  dAcol- 
ler  et  atterrlr  par  viaibilitA  nulls  et  plafond  nul,  tana  aucune  aide  au  sol, 
fairs  du  vol  en  nurges  et  en  atmoaphAre  givrante,  apparsil  iaolA  ou  en  forma¬ 
tion  ...  (ficha  de  oaracutriatiquca  en  date  du  13.07,63).  CelA  a  conduit  4  un 
effort  de  recherche  trAa  important  et  4  In  "Aaliaatlon  d' Aquipementa  prototy- 
paa  inAdita  (raoar  dAtecteur  d'obataclea  SAIGA,  aywtAae  de  "tenue  de  posts"...), 
msis  l'apr- trail  n'a  paa  vu  le  v'Our  dana  l«  j  dAlala  preterits. 
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-  La  deuxlAae  axespln  tat  plua  lntAreeeaut  ear  11  rApondalt  A  un  baaoln  optra- 
tlormrl  iaportant  qui  aural t  pu  Atre  aatlafalt  par  1 ' d quipeaent  prepeat  at 
let  ptrfonaaneaa  OeatndAee  avalent  dtd  plea  rfallatat  at  al  Hl'ovi«ra;loe.iai" 
avalt  au  una  aalllaura  eennataaanea  da  Involution  d'un  MlleoptAre  Omni 
la  tear :  t 

Ja  veux  parlar  du  "train  outoaoteur  OOP"  Itudl*  pour  la  SA  330  MW, (voir  plenche  1) 
L'objectif  Atalt  da  panaattra  A  1'hdllcoptAre  da  at  dtplaear  au  aol  par  aaa 
preprta  aoyena.eur  da  courtaa  dlataneaa  Plan  aflr,  pour  rejolndre  un  couvart 
ou  una  aena  d'oabrt  at  bdndficlar  alnal  d'un  blan  aalllaur  caaouflage.  Un 
SA  330  (00)  a  ltd  AqulpA  d'un  diapoaltlf  aatuclaux  (A  crAaalllAre  at  fane  lon- 
nan  t  A  partlr  da  l’un  daa  daua  clroulta  hydreuliquea  da  l'apparall)  aala 
qul  n'a  paa  *td  ratanu  ear  i 

.  II  na  rdpendalt  paa  A  toutaa  lea  exigences  da  la  flcha  da 
earactdrlatlquea  allltalraa  (passage  da  feaadr  A  borda  franca, 
da  trenca  d'arbraa  d'ur  certain  rluaAtra  ...)  ...  Plan  trap 
advAres;  l'eOt-11  fait  qua  la  cal  la  da  1'hdllcoptAre  n’auralt 

paa  rdalatd  I 

.  Sa  aaaaa  ttalt  da  120  kg  at  eala  rtdulaalt  encore  lAgAraaent 
l'autonoale  da  l'apparall  (depute,  la  aaaaa  aanlaua  au  ddcol- 
lage  du.PUiaa  aat  paaada  da  6.4  tennaa  A  7.4  tonnaa  ...  I). 

Je  panaa  qu,  caa  daua  axaaplaa  aont  al(nifleatlfa. 


22)  La  condulta  clle-adat  du  prearaaaa  :  du  denier  du  ranouvallaaant  tardlf  d'un  pare, 

Lea  aattrlala  an  aarvlea  na  pouvant  Atra  prolunlda  indd- 
flnlrent,  na  aaralt-ca  qua  pour  una  quaatlon  d'afflcaeltd  nllltalra,  una  ddclaion  tardive 
da  renouvelleaent  d'un  pare  entratne  proaqua  tou joura  una  atria  da  conadquancaa  qul  a'an- 
chatnent  lnexorebleaent  at  dont  laa  deux  prlnclpelea  aont  ' 


A)  Doe  ddlala  Inaufflaanta  pour  l'dtuda  at  la  alaa  au  point  technique  : 

L'urgence  du  baaoln  conduit  an  effet  A  paaaar  rapldeaant  A  la  phase  d'expArl- 
aantatlon  dlta  "taetlqua",  laqualla  pard  una  grande  partla  da  eon  tnttrdt 
al  la  aatdrlal  n'aat  paa  technlqueaent  "opdratlonnal". 

L'axeapla  qua  l'on  peut  donnar  dana  ca  donalne  aat  calul  du  "drone"  P  20, 
ddrivt  du  CT  20,  dont  laa  caapagnes  tactlquaa  nAcaealtalant  toujoura  la  prA- 
aanca  da  apAclallataa  du  eonntructeur  at  ddbouchalant  ...  aur  daa  alaaa  au 
point  tachnlquaa,  ca  qul  a,  final eaent.provoquA  1' tehee  du  pregraNae. 

6)  L' adoption  prdaaturde  du  aatdrlal  : 

Ca  qul  conduit  a  aattra  dana  laa  unltda  un  aatArlel  appall  encore  A  aublr 
de  noobreuaea  modification*. Or  daa  modifications  trep  noabreunea  rdaliadas 
aur  daa  matdriala  affaetda  dana  '  aa  unltda  coQtent  tr>a  char  d'abord  at  en- 
tralnent  ansulta  da  longuaa  pdriodea  d'indlaponibllltd  opdratlonnal la . 

An  tout  caa,  tout  recteur  paraattant  d'avolr  la  plua 
t6t  pocalbla  un  aatdrlal  rdpondant  au  aiaux  au  baaoln,  at  done  na  ndeeaeitant  ni  pdrioda 
da  alaa  au  point  trop  longue  ni  daa  aodlfleationa  trop  noabrauaaa,  aat  A  prendre  aujourd'hul 
an  conaidAratlon.  Panel  caa  facteure  11  faut  aattra  A  aon  aana  an  lAra  place  la  qualitA 
du  dialogua  "QpArattonnalr  -  Ingdnlaura", 

Cala  algnlfla  qua  laa  Ingdnlaura  ont  dgalaaant  un  certain  noabra  da  raaponaabiUtda  lapor- 
tantaa  dana  la  bon  ddroulaaant  du  dialogue  at  done  danr  la  auceta  ou  l'dchac  d'un  prograaae. 


3)  tea  raaannaabllltda  da  1'lnadnlaur: 

31)  A dan tat Ion  du  "prodult"  au  baaoln  allitalra  : 

Qual  qua  soit  la  niveau  auqual  re  aitua  1'Ingdnlaur, 
reaponaable  de  la  production  ou,  au  plua  haut  niveau,  chart*  d'une  politique  ind'iatrlalle, 
aa  raaponaabilltd  aajeure  at  aon  aouci  constant  dolvant  dtra  A  aon  aana  da  rdalleer  la 
aatArial  la  Bleu*  adapt*  poaaible  au  baaoln  allltal.o  axpriad  : 


-  Au  niveau  da  la  rAallaation  par  axaapla,  qua  falre  d'una  marvel lie  technique 
inutilieable  an  caapagne;  Ja  aa  aouvlena,  Ilya  longtaapa,  d'un  obualar 
da  caapagne  triflAcha,  petite  aarvallla  aAcanlqua,  dont  on  na  pouvalt  pretl- 
quaaant  ddployar  laa  trola  flAchaa  qua  dana  una  eour  da  caserne  car  cola 
exlgealt  un  aol  rlgourauaoaont  plan  ...  t 


-  Au  nivaau  d'un#  politlqu*  induatrlalla,  il  aat  ndcasaalr*  parfola,  at  c‘sst 
normal,  4*  prandr*  an  considdrstion  laa  poasibilltdi  d'axpor tat Iona  rutur**, 
laa  plan*  da  chart*  da*  dlffdranta*  antrapriaaa  «»»  *tc»  Mia  cat  coneiddra- 
tlana  annaxaa  n*  doivant  paa  eondulr*  A  daa  modifications  da a  caractdrlatlquss 
technique*  du  matdrial  tallaa  qua  la  baaoln  opdrationnai  a art It  molns  bian 
aatldfait. 


t 


In  dauxidm*  liau,  1 ' ingdnieur  a*  bian  *nta>du,vun#  raa- 
ponaabllltd  diracta  at  iaportant#  dana  laa  codta  du  matdrial,  at  oa  4  tout  laa  atadaa  da 
la  rdallaatlon. 


La  ddcinion  da  rdallaar  un  program**  na  doit  paa  dtra 
1 'occasion  pour  l'lngdniaur  da  lancar  dtudaa  at  rachtrchas  pour  rdallaar  un  dquipamant 
•aillaur,  plua  parformant,  ou  slmplamcnt  plus  modarnt,  ai  laa  dquipamant#  axiatanta 
donnant  aatiafaction. 


Da  *••*,  I'ingdniaur  doit  an  paraananca  affichar  la 
vdritd  (to#  codta,  D’abord  parca  qua  1  * opdrationnai  n'aura  paa  obligatolramant  laa  moyana 
da  payer  das  aurooQta  exctaaifs,  wal#  aurtout  pour  provoqutr  dvantuallamant  un*  r4  via  ion 
d*a  exigent##  opdrationnelia# 

C’**t  bian  dana  oa  doacine  du  la  mattvl##  daa  coQta  qua  1  *  on  volt  apparattra,  encora  plua 
qu'alllaur#,  la  ndcaasitd  d’dtablirun  dialogua  permanent  antr*  1' ingdnieur  at  l’opdration- 
nal. 


33)  La  tanua  daa  ddlala  i 

d*  tanlr  laa  ddlala. 


Enfin,  1' ingdnieur  a  la  rasp onaabil ltd  at  la  davoir 


*ou#  avons  vu ,  quand  nous  avona  par  14  d«s  r esponaabllitd# 
da  1' opdrationnai,  laa  conadquancaa  ndfaatas  d'un*  ddcision  tardiva  da  ranouvallement d'un 
pare  ou  d'un*  adoption  prdmaturde  d'un  matdrial.  Touta  augmentation  daa  ddlala  da  rdaliaa- 
tion  na  Tara  qu'aggravar  cat  aonalquancoa  qui,  outra  uaa  augmentation  iaportant*  daa  coQtr, 
pauvant  eondulr*  4  la  ais*  an  placa  dana  laa  unitd*  d'un  matdrie'.  qui  ndcaaaitara  de  nombreua*# 
aodlflcationa  pour  Itra  adapt*  4  i'amplol  opdrationnai  initialaaant  prdvu. 


A  la  lumidr*  doa  raaponaabl? ttda  rdciproque*  da  l'opdra- 
tionnel  at  da  l'lngdniaur  11  apparatt  bian  la  ndcaasitd  d'un  dialogue  fructueux  antra  ca# 
daux  peraonnagas  clda. 

Daa  amdl i oration*  sign if  ieatlvaa  da  ca  dialogua  aont-aUaa  ancora  poaalblaa  ?  feat  ca  que 
ja  voua  propose  d' examiner  maintanant. 


A)  U>  amdllorotlomi  du  dialo 


Ca  dlaloqua,  an  rdgle  gdndrtle,  aat  ddj4  da  bonno  quail- 
tdi  maim  cacl  aat  dO  aouvent,  an  grand*  parti*,  aux  liana  privlldgida  axiatant  antra  laa 
partenairas.  Caci  n'aat  plua  arffiaant  pour  asaurar  la  rduaaita  daa  programmes  futura. 

La  dialogua  opdrationnala  -  ingdnieur*  dolt  dtra  conqu. 
prdpard,  organ led,  eoapta-tanu  da  son  importance  croissant* ,  pour  un  maximum  d'aff icacitd, 

Tal  quMl  exist*  aujourd'hui,  il  paut  at  doit  imp^ratlv*m#nt  dtra  amdliord  at  dana  la  forma 
at  dana  la  fond. 

41)  Dana  la  forma  : 

Il  aat  fondamantal  qua  ca  dialogua  a'dtabliaaa  affactl- 
vamenc  dda  la  phase  da  OOtEPtW  du  WilHIIL  qui  aat  la  plua  iaportant*  4  la  foil  pour 
l1  adaptation  da  ca  matdrial  4  l'ampioi  operations* 1  at  aurtout,  aujourd'hui,  pour  la  coOt 
du  programme.  Il  na  faut  an  affat  jamais  oubllar  qua  65*  daa  ddpanaaa  sont  condltionndas 
par  las  ddcimiona  priaaa  pandant  la  phaaa  da  conception ,  80*  pendant  laa  phasaa  da  concep¬ 
tion  at  da  ddvaloppamant.  (voir  planch#  2>. 


Bian  antandu,  c'aat  ancora  baaucoup  plua  vrai  pour 
un  programs#  exigaant  la  cocpdration  da  pluataura  pays. 

Il  aat  tout  auaal  isq>ortant  qua  ca  dialogua  a'dtabliaaa  d'tmbld*  4  toua  laa  nlvaaux  concar- 

nds  : 


-  Direction*  gdndralaa  daa  programs*# 
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«■  Direction!  tachniquaa, 

-  Organ lamas  raaponaablaa  daa  ••tala  futura  ... 

-  Etc  ... 


C'Mt  dene  tout  un  diapoaitif  d’anstmbls  qu’il  a’agit 
da  mattrs  on  placa  at  &1  fsut  scesptsr  d'an  puytr  1*  prix,  comm*  1  ’on  fait  las  difftrantas 
nations  collaborant  pour  la  programs*  da  l’h41icopt4ra  HH  do. 

II  aat  d'alllaura  panala  s’dtonnar,  alora  qua  laa  mllitairss  ont ,  dana  la  domains  op4rs- 
tlonnal,  una  longus  pratiqus  da  a  Aohangaa  d' offlciara  da  liaison  qua  laa  aJsst  an  placa 
da  paraonnala  pour  la  auivi  daa  prograamaa  tachniquaa  important!  aa  faaaant  toujour  a  dana 
la  m*ma  a  ana  i  ttats-ftajura,  vara  Sarvlcsa  Tachniquaa. 

la  prdaanca  d’ lncdniaura,  ddtachda  dana  las  Etats-Majors,  na  aaralt  paut-ltra  paa  lnutila, 
na  aarait-ca  qua  pour  aalalr  misux  la  baaoin  opAratlonnal. 

42)  Dana  la  fond  i 

L’objactlf  dana  ca  dotaaina  aat  d'aboutlr  4  una  malllaurs 
coaprdhanaion  rdclproqua  at  cala  paaaa  par  une  modification  daa  comportaaant* . 


421.  Hal Ilsurs  coaprdhanaion? 

C’aat  una  quaation  da  formation,  d’ infonaation  at  da  stabilitt  daa  paraonnala. 

Un  affort  iim>ortant  da  formation  das  paraonncla  a  At4  conaanti  at  l’Arm**  da  Tarra 
Franca is*  snvolt  dapula  plualaura  ann4*s  daa  officisrs  da  hsut  nivaau  dana  laa  plua 
grands  a  icolaa  d’ing4ni*urs  pour  laa  apAclalisar  dana  laa  poataa  da  raaponaabllitta 
tachniquaa  at  disposer  alnal  d* offlciara  eoapdtenta  capablas  da  asrvir  d’ inter locutaurs 
aux  lngdnlcura  at  apdclaliate*  daa  Dirac t Iona  Tachniquaa.  Cat  affort  aat  blan  sQr  4 
pouraulvra,  L’ amelioration  dana  ca  domains  aat  4  rseherchsr  d’abord  dana  una  plua  grand* 
8TABILITV  daa  offlciara  an  placa  dana  laa  posts*  important!  «  raaponaabla  d’un  progra¬ 
ms*  membra  d’uns  4quips  ds  sarqus  ...  sans  qua  csla  nulas  au  bon  ddroulement  da  lsur 
carriers. 

II  ns  fait  aucun  doots  qus  csrtaina  ds  css  officisrs  exercent  das  rssponsabi litas 
aussi  laportantss  pour  l*int4r*t  g4n4ral  d*  l’Armde  ds  Tsrrs  qus  Is  commandswsnt  d’un 
Corps  da  Troupa. 

Lsa  irgdnlsurs  da  lsur  cftt4  doivant  Itra  inform**  concr4tsm#nt  aur  laa  problAmss 
militairss,  aur  laa  bssolna  tactiquaa*  -ur  1  ’snvlronnsment  au  combat*  afln  ds  blsn 
comprendre  cs  qus  "veulant"  lsa  militmiras  ;  uns  csntrals  ds  cap  dsstlnds  4  un  avion 
ds  ligns  ns  psut  avoir  lac  sAmea  carart4riatiquss  qus  cslls  deatlnAs  4  un  h411copt4rs 
ds  combat  appal*  4  affsetuar  an  parmansnes  daa  Evolutions  4  grands  incllnaiaon. 


422.  Hodlfication  daa  co 


Rnfin,  at  ca  asra  la  dsrniar  point  qua  j’tvoqusrsi,  11  ma  permit  tr4a  important 
mujourd’hul  d'abordsr  laa  problAmss  d’4quipamant  d’uns  Arm4s  avac  una  msntaliti  diffe¬ 
rent*  de  cell©  qui  existait  parfols  dana  ic  pMai,  et  on  rejolnt  14  lsa  probiAmaa  ds 
POMATUM  da  nos  officisrs  at  d‘ HVOM4TION  ds  nos  ingtnisurs. 

-  Four  l’lngdnlaur,  il  na  a’agit  plus  da  rdpondra  aaulsmsnt  au  basoin  op*retionne) 
sxprim* ,  ssna  la  ramattrs  an  causa,  an  propoaant  ca  qu’il  y  a  da  misux  at  ds  plus 
chsr.  II  s’agit  au  contralrs  d’amsnsr  Ml ’  opAratlonnal''  4  prAclser  misux  Is  bssoin, 
4  rsnoncsr  parfoia  4  carts  mss  exigences  exorbitant**,  puia  da  d4valc*ppar  au  moindre 
coQt  daa  4quipamanta  adapt**  au  misux  4  l'emploi,  an  affiehant  toujoura  la  vAritA  daa 
coQt*. 

La  tamps  oQ  1  'on  sous-astiiM.it  volontairamant  la  coQt  d’un  progrsmma  dana  l’aapolr 
da  la  fairs  adoptar  plua  fecUssMnt  aat  blan  rAvolu. 


-  Da  aims ,  pour  1'officiar  d’ltat-Hajor ,  11  na  a’agit  plan  da  as  con  t  ant  a  r  d'  sfflchsr 
las  axigancas  idAales,  an  laiaaant  Is  aoin  4  l’lnglniaur  ds  trouvsr  lsa  solutions 

tachniquaa  add qua t as. 

IX  s’agit  au  contralrs  d' avoir  daa  axigancas  rdslistes,  aid*  on  csla  par  1'ingAnieur, 
adaptdaa  4  un  boaoin  taetiqus  blan  4va)u4,  at  pour  cala,  da  blan  situar  saa  axigancas 
dans  la  concapt  gAniral  qua  i’on  a  ratanu. 

Cala  ma  donna  1 'occasion  da  prdclaar  laa  ld**s  actuallaa  da  l'ALAT  France!**  dans  Is 
domains  da  la  rdaliaation  d'hdlicoptdraa  d«  combat  at  da  lsur  "SUBYIYAPILITE”  aur  Is 
chaap  da  batailla. 


-  Tout  d'abord,  doit-on  rdalisar  da*  hdlicoptdras  polyvalants  ou  spdcialisds  ? 

Cast  1'MUocptArs  SfCIALA  qui  aat  ehoiai,  4  la  foia  pour  daa  quaationa  d'afficacitd 
apdratlonnalla  at  da  coQt. 

En  affst,  un  Mliocptfera  FOlYVAIJBfT,  c'aat-4-dira  dlapoaant  d'dquipamanta  lui  parmattant 
da  rsmplir  pluaisura  typaa  da  missions  n'utlliaara  toujoura  qu'una  partis  da  ass  Aqulpa- 
mants.  Cala  conduit  4  tranaportar  daa  chargas  lnutilaa  at  tout  kilo  d'fqulpsmsnt  trans¬ 
port*  augmsnta  la  massa  da  l'h4licopt4ra  da  3  kg. (voir  plane  hr  3), 

On  aboutit  done  A  un  apparall  plua  LOOK),  done  aoina  diserst  *  done  plua  VUUSMIli . 

Hala  aur  tout,  isa  dlffArantea  fonctiona  da  coabat  (renaeignemant,  protaction.  AC  ,..) 
doivant  poo  voir  4tra  aesurAea  au  alma  momant,  an  das  androita  diffArent*  du  chaap  ds 
batailla. 


i 

( 
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-  S'agissant  de  la  VULMDlABILXTK ,  ou  plus  exactement  de  la  "SUEVIVAEILTTt" ,  le  facteur 
le  plus  important  nous  paralt  Itre  d'abord  la  DISCRETION ,  ca  qii  aat  coherent  nvec 
le  choix  d'un  hSlicoptfcre  ap<cialia<  et  l§ger;  en  deuxifcme  lieu  l'ALBRTV  (dispoaitlfs 
d’ alerts  laser,  radar,  IR  ...)% 

Nous  paralt  Agalement  Indispensable,  en  troisiAme  lieu,  la  PROTECTION  *  c'est-A-dire 
le  BLUOAtt,  mats  qui  doit  se  1  .miter  aux  parties  VITALES  de  l'appareil  pour  ne  pas 
obArer  trop  la  masse,  done  la  discretion  et  lea  qua'itAs  de  vol. 


•  CONCLUSION: 


Lea  programmes  d'armanont  sont  devenus  d'une  telle  complexity  et  exigent  de  tels 
investisaemonts  que  "op  irationnels"  et  "ingAnieurs"  sont  de  plus  en  plus  liAs  par  des  intA- 
r§ts  communa. 

Coci  implique  que  lea  attitudes  suivantes  : 

-  1 ' OpArationnal  commande,  1 ' IngAnieur  realise, 


_  ou  (voir  planches  4  et  5) 

-  1 ' IngAnieur  propose,  1  * OpArationnal  s' adapts, 

ne  sont  plus  de  mise,  si  l'on  ne  veut  pas  aboutir  A  des  incomprehensions  graves  et  des 
surprises  dAaagrAables. 

La  realisation  des  programmes  d' hAlicoptArja  armAs  future  en  particulier  exige 
un  dialogue  intense  et  permanent  entre  1 ' opArationnel  et  1'ingAnieur. 

Tout  cela  pour  dire  que  nous  aurons  de  plus  en  plus  besoin  les  uns  des  ar.cres  et 
nous  ne  pouvons  que  nous  en  fAliciter* 


PLANCHE  3 


REPARTITION  DES  HASSES 
DANS  UN  HEL I COPTERE  ARHE 
DE  5  A  6  T 


Cakburamt 


M 


O.N3H  ♦  0.17  !1  ♦  n 


HASSE  DE  MISSION  porteur 
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MILITARY-SCIENTIFIC  DIALOGUE 


by 

Gen  GBaffeleuf 
Commandant,  Ai  A.T. 
Villacoublay 
France 


I  should  first  like  to  say  how  honoured  and  happy  I  am  to  participate  in  this  symposium,  and  I  thank  the  organisers  for 
allowing  me  to  talk  to  such  a  learned  gathering  on  a  subject  which  I  have  for  many  years  considered  of  paramount  importance.  It 
forms  part  of  the  much  wider  question  of  how  to  achieve  the  necessary  conditions  for  the  satisfactory  execution  of  a  new 
equipment  programme.  I  should  like  to  talk  about  the  relationship  which  must  be  established  between  ‘tacticians”  and 
‘technicians”,  or,  more  precisely,  of  the  military-scientific  dialogue  i.e.  the  dialogue  between  military  staffs,  and  the 
procurement  and  technical  managements. 

One  must  of  course  recognise  that  this  ‘dialogue”  has  always  been  the  subject  of  much  criticism,  and  this  is  still  true  today, 
albeit  to  a  lesser  extent.  People  often  like  to  stress  the  differing  preoccupations  of  the  military  staff  and  the  procurement  and 
technical  management 

The  former  need  to  obtain  an  equipment  which  best  meets  the  operational  requirement, 

For  the  latter  their  preoccupation  is  primarily  to  ensure  a  full  work  load  in  certain  industries,  or  export  sales,  which 

sometimes  results  in  the  partial  ‘overlooking”  of  the  military  requirement. 

At  another  level,  and  in  the  habitual  language  of  military  programme  managers,  three  comments  crop  up  regularly: 

— “It  isn’t  what  we  wanted” 

—  “It’s  arrived  too  late" 

— “It  costs  too  much”, 

without  going  further  into  an  analysis  of  where  the  responsibility  lies  for  such  a  state  of  affairs. 

These  approaches  are  no  longer  acceptable,  and  the  military-scientific  dialogue  mu.  t  be  continually  improved,  for  the 
success  or  failure  of  an  equipment  programme  can  depend  on  the  quality  of  this  dialogue.  Tliis  is  particularly  true  in  the  case  of 
helicopter  procurement. 

The  basic  elements  of  the  dialogue  have,  in  fact,  been  modified  to  a  great  extent  in  the  recent  past,  giving  it  a  quite  new 
dimension. 

I  therefore  propose  to  look  at  the  following  points: 

— The  new  elements  in  the  military-scientific  dialogue, 

—The  responsibilities  of  operational  staff  in  defining  the  equipment  requirement  and  in  programme  management, 

— The  responsibilities  of  scientists  in  solving  the  technical  problems, 

—  Possible  improvements  to  the  dialogue. 

In  doing  this,  I  shall  indicate  to  you  the  general  direction  in  which  Ftench  Army  Aviation  is  heading  in  the  field  of  equipment 
procurement. 

1.  NEW  ELEMENTS  IN  THE  MILITARY-SCIENTIFIC  DIALOGUE 

Three  important  new  factors  have  recently  greatly  modified  the  elements  of  the  military-scientific  dialogue,  giving  it  a  new 
dimension. 

The  first  concerns  the  process  by  which  a  new  scientific  technique  is  adapted  to  meet  an  operational  requirement.  Up  to 
the  middle  of  the  Second  World  War,  it  was  the  operational  requirement  which  led  to  or  hastened  scientific  progress  in  a  given 
area  or  direction:  the  operational  requirement  preceded  scientific  progress.  For  example,  there  is  no  doubt  that  it  was  the  essei.  ini 
requirement  to  guarantee  the  security  of  the  British  Isles  which  lay  behind  the  rapid  progress  made  in  the  field  of  radar. 

We  now  witness  daily  some  “explosion”  of  discovery  or  scientific  progress  in  many  areas,  and  in  numerous  directions.  It  is 
thus  no  longer  for  the  operational  staff  a  matter  of  being  content  to  state  a  requiremen'  and  then  leaving  to  the  scientist  the 
responsibility  of  producing  the  technical  answer,  on  the  contrary,  it  is  a  question  of  the  operational  staff  and  scientists  together 
perceiving,  before  any  potential  enemy  does,  technical  advances  which  have  the  greatest  relevance  in  the  operational  area. 

The  second  factor  concerns  the  construction  of  the  instrument  of  combat  itself.  Up  until  now,  at  least  in  French  Army 
Aviation,  we  have  always  adapted  a  weapon  to  an  existing  helicopter,  one  moreover  designed  for  civilian  use. 

We  have  militarised  civilian  helicopters  (with  one  exception:  the  SA  330  Puma,  which  possessed  the  necessary  military 
characteristics,  but  it  was  not  an  armed  helicopter).  It  is  obvious  today  that  we  will  only  get  a  high  performance  combat 
helicopter  if  we  build  the  helicopter  round,  and  as  a  function  of,  the  chosen  weapons  system.  I  will  give  just  one  example. 
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Having  decided  that  one  wants  an  anti-tank  helicopter  with  eithc:  a  nose-mounted,  or  a  roof-mounted  or  a  mast-mounted 
sight,  it  is  not  the  same  helicopter  one  builds  in  each  case. 

Finally,  the  third  factor — and  I  have  kept  die  best  till  last — is  (fie  importance  assumed  by  the  cost  which  can  by  itself,  if  it  is 
badly  managed  or  not  managed  at  all,  call  into  question  the  continuation  of  a  programme. 

I.  THE  RESPONSIBILITIES  OF  OPERATIONAL  STAFFS 

Let  us  then,  in  the  light  of  these  three  factors,  look  at  the  responsibilities  of  the  operational  staff.  These  are  exercised  in  two 
important  areas: 

— die  statement  of  the  Operational  Requirement, 

— the  management  of  the  programme  itself. 

In  both  these  areas  there  are  major  pitfalls  which  must  be  avoided  if,  in  the  worst  case,  the  programme  is  not  to  be  compromised 
or,  at  best,  the  cost  of  die  programme  is  not  to  be  gready  Increased.  Here  I  am  addressing  an  audience  composed  essentially  of 
scientists  and  engineers;  those  who  are  often  accused  of  producing  equipment  which  costs  too  much.  Therefore  let  me  say  quite 
clearly  (and  believe  me  it  is  not  at  all  in  order  to  please  you)  that  the  operational  staff  often  share  a  large  part  of  the  blame  for  the 
excessive  cost  of  equipment,  either  because  the  requirement  has  been  badly  appreciated  or  not  sufficiently  precise,  or  else 
because  the  programme  itself  has  been  badly  manage! 

2.1  The  Appreciation  and  Statement  of  the  Requirement  (the  danger  of  making  exorbitant  demands) 

It  would  be  impossible  to  overstate  the  importance  of  this  first  expression  of  the  requirement  which  the  '"statement  of 
military  characteristics”  constitutes  (and  which  doubtless  has  i"s  equivalent  in  other  armies).  It  is  a  fundamental  document; 
when  drawing  it  up  du.  operational  staff  must  exhibit  realism  in  not  asking  for  either  the  useless  or  the  impossible,  and  always 
remain  forward-looking.  How  many  projects  have  been  still-boni  at  the  stage  where  the  requirement  is  stated  because  the 
statement  has  been  badly  appreciated  as  regards  the  operational  need  and  technical  possibilities,  and  on  which  nonetheless 
large  sums  of  money  have  been  expended?  Here  are  two  significant  examples: 

—  The  first  is  the  so-called  “complete"  version  of  the  SA  330  Puma,  which  was  to  take  off  and  land  in  conditions  of  zero 
visibility  and  cloud  ceiling,  without  any  ground-based  aids,  be  capable  of  flying  in  cloud  and  icing  atmospheric  conditions, 
either  alone  or  in  formation  groups,  and  so  on  (military  characteristics  statement  dated  15.7.63).  All  this  led  to  a 
considerable  research  effort  and  to  the  construction  of  completely  new  prototype  equipments  (the  SAIGA  radar  obstacle 
detector,  a  station-keeping  system  etc.)  but  the  helicopter  never  saw  the  light  of  day  in  the  required  time  frame. 

—  The  second  example  is  more  interesting,  because  it  responded  to  an  important  operational  requirement  which  could  have 
been  met  by  the  proposed  equipment  if  the  required  performance  characteristics  had  been  more  realistic,  and  if  the 
operational  staff  had  possessed  a  better  knowledge  of  the  evolution  of  the  helicopter.  I  refer  to  the  “DOP  self-propulsion 
undercarriage"  which  was  studied  for  the  SA  330  Puma  (Figure  1).  The  aim  was  to  enable  the  helicopter  to  move  short 
distances  on  rough  ground  to  take  advantage  of  nearby  cover  or  shadow  in  order  to  improve  its  camouflage.  An  SA  330 
(06)  was  therefore  fitted  with  an  ingenious  device  (a  rack-type  auxiliary  propulsion  unit  powered  by  one  of  die  helicopter’s 
two  hydraulic  circuits).  This  was  not  accepted  because: 

—  It  did  not  meet  all  the  military  characteristic  requirements  (e.g.  ability  to  negotiate  steep-sided  ditches,  fallen  tree 
trunks  of  a  certain  diameter,  etc.)  which  were  too  exacting.  The  structure  of  the  helicopter  itself  would  probably  not 
have  survived  such  treatment! 

—  Its  weight  was  120  kg,  and  that  again  slightly  reduced  the  helicopter’s  range  (since  then  the  maximum  take-off 
weight  of  the  Puma  has  risen  from  64  to  7.4  tonnes!). 

2.2  The  Managing  of  the  Programme  Itself  (the  dangers  attendant  on  the  tardy  replacement  of  a  major  equipment) 

As  it  is  not  possible  to  prolong  the  in-service  life  of  an  equipment  indefinitely,  if  only  on  the  grounds  of  military  efficiency, 
a  late  decision  to  replace  a  major  equipment  almost  always  results  in  a  series  of  consequences  which  are  inexorably  linked.  The 
two  principal  ones  are: 

(a)  Insufficient  time  for  study  and  technical  adjustments 

The  urgency  of  the  requirement  produces  a  rapid  progression  to  the  so-called  “tactical”  experimentation  phase,  which 
loses  much  of  its  relevance  if  the  equipment  is  not  technically  operational.  One  can  cite  here  the  example  of  the  R20  drone, 
a  derivative  of  the  CT  20,  whose  tactical  trials  invariably  required  the  presence  of  specialists  from  the  manufacturers,  and 
which  led  to  technical  adjustments  and  in  the  end  resulted  in  the  failure  of  the  programme. 

(b)  Premature  acceptance  of  an  equipment 

This  leads  to  equipment  being  introduced  into  units  while  still  being  the  subject  of  numerous  modifications.  Now,  to  have 
too  many  modifications  carried  out  on  equipments  already  in  service  is  very  costly  and,  moreover,  results  in  long  periods 
of  operational  non-availability. 

Any  factor  which  allows  us  to  obtain  as  quickly  as  possible  an  equipment  which  best  meets  the  requirement,  and  thus 
needs  neither  a  lengthy  development  phase  nor  too  many  modifications  should  be  taken  into  consideration.  In  my  view,  pride  of 
pit  ce  among  these  factors  should  go  to  the  quality  of  the  military-scientific  dialogue.  This  implies  that  scientists  and  engineers 
also  have  a  certain  number  of  important  resposibilities  for  the  proper  conduct  of  this  dialogue  and  thereby  for  the  success  or 
failure  of  a  programme. 
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3.  THE  SCIENTISTS  RESPONSIBILITIES 

3.1  Ad»R«i»t  tbs  ‘Product*  t»  tfa«  MUKary  Ragulrvamrt 

Irrespective  of  the  level  of  involvement  of  the  scientist  or  engineer,  whether  he  U  responsible  for  production  or,  it  the 
highest  level,  industrial  poUcy-msdrinj,  hit  main  responsibility  and  ccestant  concern  must,  to  my  mind,  be  to  produce  the 
equipment  Best  suited  » the  miHmry  requirements. 

—  At  die  design  level  for  example,  what  i*  the  point  in  havin|  a  technical  marvel  which  it  unuaeabte  in  the  held?  I  recall 
teeing,  a  long  time  ago,  a  tripod  mounted  howitxer  which  was  technically  a  little  beauty,  but  whose  three  legs  could  in 
practice  only  be  deployed  on  a  barrack  square  because  they  required  a  perfectly  flat  surface! 

—  At  the  level  of  industrial  policy-making,  it  is  sometimes  necessary,  and  quite  normal,  to  take  into  account  overseas  sales 
possibilities  in  the  future,  keeping  venous  industries  working  at  full  capacity,  and  so  on.  However  these  secondary 
considerations  must  not  lead  to  modifications  of  the  technical  characteristics  of  equipments  to  the  extent  that  the 
operational  requirement  would  be  less  well  met. 

3.3  The  Mastery  of  Costs 

The  scientist  or  engineer  has  also,  of  course,  a  direct  and  important  responsibility  for  an  equipm  ent's  costs,  and  this  is  true 
at  all  stages  of  its  procurement.  The  decision  to  cany  out  a  programme  must  not  be  construed  by  the  scientist  ea  in  opportunity 
to  launch  studies  and  research  in  order  to  produce  an  equipment  which  is  better,  has  a  superior  performance,  or  is  simply  more 
modem,  if  existing  equipments  are  perfectly  satisfactory.  Similarly,  the  scientist  must  continually  point  out  the  reality  of  costs. 
Firstly,  because  the  military  will  not  necessarily  have  the  means  to  pay  for  excessive  cost  overruns,  but  above  all  to  provoke  a 
possible  reconsideration  of  the  operational  requirements.  It  is  in  this  area  of  keeping  costs  in  check,  more  than  in  other  areas, 
that  one  sees  just  how  necessary  it  is  to  establish  a  permanent  dialogue  between  operational  staffs  and  scientists. 

3.3  Keeping  Programmes  «*»  Schectde 

It  is  also  the  duty  of  the  scientist  or  engineer  to  keep  programmes  on  schedule.  We  saw,  when  speaking  of  the 
responsibilities  of  the  operational  staff,  the  damaging  consequences  of  late  decisions  to  replace  an  equipment,  or  the  over-hasty 
acceptance  into  service  of  an  equipment.  Any  delay  in  procurement  can  lead  to  a  large  increase  in  cost,  and  an  introduction  into 
service  of  an  equipment  which  will  require  numerous  modifications  before  it  can  be  used  operationally  in  the  way  which  was 
originally  foreseen.  In  view  of  the  shared  responsibilities  of  operational  staffs  and  scientists,  the  necessity  for  a  ft  artful  dialogue 
between  these  key  personalities  becomes  quite  clear.  Are  any  further  improvements  to  the  dialogue  possible?  That  is  the 
question  which  I  now  propose  to  address. 

4.  POSSIBLE  IMPROVEMENTS  TO  THE  MILITARY -SCIENTIFIC  DIALOGUE 

As  a  general  rule  this  dialogue  is  already  of  a  high  quality,  but  this  is  often  in  large  measure  due  to  the  privileged  contacts 
which  exist  between  the  two  sides.  This  alone  is  not  sufficient  to  ensure  the  success  of  future  programmes.  The  military- 
scientifir  dialogue  must  be  conceived,  prepared  and  organised,  given  its  growing  importance,  to  attain  maximum  efficiency.  As 
it  exists  today  it  can  and  must  be  improved  as  regards  both  its  form  and  its  substance. 

4.1  The  Form 

It  is  fundamental  that  this  dialogue  be  effectively  established  during  the  EQUIPMENT  DESIGN  phase,  which  is  the  most 
important,  both  for  adaptation  of  the  equipment  to  operational  use  and,  today,  for  the  cost  of  the  programme.  Indeed,  one  must 
never  lose  sight  of  the  fact  that  63%  of  costs  are  dependent  on  decisions  taken  during  the  design  phase,  and  80%  on  those  taken 
during  the  design  and  development  pht.se  (Figure  2).  This  is  of  course  especially  true  for  collaborative  projects.  It  is  equally 
important  that  this  dialogue  be  established  from  the  outset  at  all  levels  including  Programme  Management,  Technical 
directorates,  Trials  organisations,  etc. 

It  is  thus  a  matter  of  setting  up  a  comprehensive  system,  and  one  must  be  prepared  to  pay  the  price  of  all  that  this  implies,  as  did 
the  various  nations  collaborating  in  the  Nil  90  helicopter  programme.  Whereas  the  military  have  for  many  years  taken  as 
normal  the  practice  of  exchanging  liaison  officers  for  operational  purposes,  one  might  understandably  be  surprised  that  the 
detachment  of  personnel  to  liaise  on  technical  programmes  is  always  done  in  the  direction  from  military  staffs  ro  technical 
services.  The  presence  of  scientists  attached  to  military  staffs  would  perhaps  serve  a  useful  purpose,  were  it  only  to  promote  a 
better  understanding  of  the  operational  requirement. 

4.2  The  Substance 

The  aim  here  is  to  arrive  at  a  better  reciprocal  understanding,  and  that  requires  a  change  in  attitudes. 

4.2.1  A  Better  Understanding 

This  is  a  question  of  the  education,  information  and  continuity  of  the  personnel  involved.  For  several  yean  now  the 
French  Army  has  made  a  considerable  effort  in  the  scientific  education  of  officers,  and  has  posted  high  quality  officers  to 
scientific  centres  of  excellence  to  prepare  them  for  technically  accountable  posts.  It  thus  has  a  pool  of  competent  officers 
capable  of  engaging  in  dialogue  with  civilian  scientists  and  engineers  of  the  technical  directorates.  This  effort  must  of  course  be 
sustained.  Any  improvement  in  this  area  must  first  be  sought  through  greater  CONTINUITY  of  officen  in  important  posts  i.e. 
programme  managers,  or  team  members  in  particularly  important  programmes,  without  adversely  affecting  their  careen. 
There  is  no  doubt  that  some  of  these  officers  bear  responsibilities  every  bit  as  important  to  the  interests  of  the  service  as  do  field 
commanders.  For  their  part,  scientists  and  engineers  must  be  well  informed  ir.  a  practical  way  on  military  problems,  on  tactical 
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requirement!,  end  on  the  battlefield  environment  in  order  to  appreciate  properly  what  the  military  need.  For  example,  a 
heading  reference  system  designed  for  a  civil  passenger  aircraft  will  not  necessarily  have  the  same  characteristics  as  one  wnich 
is  to  be  used  in  a  combat  helicopter  continually  required  to  manoeuvre  to  extreme  attitudes. 

4.2.2  A  Change  in  Attitudes 

Lastly,  it  seems  to  me  very  important  nowadays  to  address  the  problem  of  army  equipment  procurement  with  a  different 
mentality  to  that  which  sometimes  applied  in  the  past.  This  brings  us  back  to  the  questions  of  EDUCATING  our  officers  aid 
INFORMING  our  scientists  and  engineers. 

For  the  scientists  or  engineer  it  is  no  longer  a  matter  of  responding  unquestioningly  to  the  operational  requirement,  as 
framed  by  the  military,  and  merely  proposeing  the  best  and  most  costly  solution.  On  the  contrary,  his  task  is  to  get  the 
operational  staff  officer  to  spell  out  his  requirement  i>  precisely  as  possible,  to  get  him  to  occasionally  relax  eeitain  exorbitant 
demands,  and  then  to  develop  at  minimal  cost  the  equipment  which  bert  suits  his  purpose,  all  the  while  pointing  out  the 
financial  realities.  The  time  when  one  deliberately  underestimated  the  cost  of  a  programme  in  the  hope  of  getting  it  adopted 
more  easily  is  long  since  past. 

In  the  same  way  the  staff  officer  can  no  longer  be  content  to  simply  express  Utopian  requirements  and  then  leave  it  to  the 
scientist  to  find  suitable  answers.  On  the  contrary  he  must  wake  realistic  demands,  helped  in  this  by  ihe  scientist;  demands 
which  arc  appropriate  to  a  well-reasoned  tactical  requirement,  based  on  the  current  overall  general  concept. 

This  provides  me  with  the  opportunity  to  say  a  few  words  on  current  thinking  in  the  French  Army  Aviatiop  on  the 
procurement  of  combat  helicopters  and  their  SUR'.TVABILJTY  on  the  battlefield. 

First  of  all,  ought  one  to  construct  multi-purpose  or  specialist  helicopters?  It  is  the  SPECIALIST  helicopter  which  has 
been  chosen,  on  the  grounds  of  both  operational  efficiency  and  cost,  In  fact  a  MULTI-PURPOSE  helicopter  (i.e.  carrying  n 
number  of  equipments  which  enable  it  to  carry  out  several  iypes  of  mission)  will  invariably  use  only  a  proportion  of  these 
equipments.  That  means  it  is  carrying  extra  weight  needlessly,  and  every  kilogram  carried  increases  the  weight  of  the  helicopter 
by  3  kg  (Figure  3).  One  ends  up  with  an  aircraft  which  is  HEAVIER,  less  discreet,  and  therefore  more  vulnerable.  But  above  all. 
the  different  combat  functions  (intelligence  gathering,  protection,  anti-armour  etc.)  must  be  performed  at  the  same  moment,  at 
different  places  on  the  battlefield,  which  is  an  obvious  impossibility. 

On  the  question  of  VULNERABILITY  or,  mor;  precisely,  SURVIVABILITY,  the  most  important  factois  seems  to  us  to 
be  firstly  the  helicopter’s  DISCRETION,  which  explains  the  choice  of  a  light,  specialist  helicopter;  and,  secondly,  WARNING 
(laser,  radar,  infra-red,  wanting  devices  etc.),  and  thirdly,  PROTECTION,  that  is  to  say  ARMOUR.  This  armour  should  be 
limited  to  the  VITAL  parts  of  the  aircraft  to  keep  its  weight  down  and  thus  maintain  discretion  and  flight  characteristics. 


CONCLUSION 

Weaiions  systems  procurement  programmes  have  reached  such  a  degree  of  complexity,  and  demand  such  heavy 
investment,  that  operational  staffs  and  scientists  are  increasingly  bound  by  common  interests. 

This  implies  that  neither  of  following  attitudes  whereby; 

—The  military  demands  and  the  scientist  produces  (Figures  4  and  5) 

—The  scientists  pioposes  and  the  military  adapts, 

are  acceptable  any  longer  if  one  wishes  to  avoid  serious  misunderstandings  and  unpleasant  surprises.  In  particular  the 
satisfactory  execution  of  future  armed  helicopter  programmes  will  necessitate  a  close  and  permanent  dialogue  between  the 
staff  officer  and  the  scientist.  All  of  which  proclaims  that  we  shall  depend  on  each  other  more  and  more,  and  we  must 
congratulate  ourselves  on  that. 
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SUMMARY 

WTJTpSpM  addresses  th«  U.S.  Army's  Light  Helicopter  Family  (LHX)  helicopter  program  which  1* 
currantly  i:»  concept  formulation.  The  paper  describe*  the  activities  associated  with  concept 
formulation  Including  governing  regulations,  how  the  process  Is  executed,  the  scape  of  effort  Involved 
and  Innovations  Included  for  LHX.  The  evolution  of  the  requirements  is  emphasized  and  the  focus  of 
the  paper  Is  on  hew  operational  requirements  drive  engineering  requirements  and  ultimately  the  design 
of  the  aircraft.  Operational  requirements  nre  driven  by  the  UlX  concept,  namely,  a  family  of 
Scout/Attack  (LHX-SCAT)  and  Utility  (UiX-U)  aircraft  with  cannon  dynamic  components,  core  mission 
equipment  and  common  subsystems.  11,0  impacts  of  ths  unique  LHX-SCAT  aircraft  on  the  design  and 
commonality  with  the  LHX-U  are  discussed.  Toe  operational  requirements  ars  categorlasd  into  those 
associated  with  the  Army  21  concept  of  the  future  battlefield,  the  threat,  safety  and  Reliability, 
Availability  and  Maintainability  (HAM).  Bach  category  results  in  several  specif 1c  design  impact*. 

The  synergistic  effect  of  these  design  lmprcts  creates  a  very  challenging  task  when  combined  with  real 
world  cost,  wei jht  and  Sira  goals  for  the  LHX. 

LIST  OF  ACRONYMS 

ABC  A3vsncing_ Blade  Concept 

acap  -  Advanced  composite  Aircraft  Program 

AH-54  -  Advanced  Attack  Helicopter  (APACHE) 

AMC  -  Army  Materiel  command 

AAMAA  -  Army  Aviation  Mission  Area  Analysis 

ARri  -  Advanced  Rotcrcraft  Technology  Integration 

BTA  -  Bast  Technical  Approach 

COEA  -  Cost  and  Operational  Effectiveness  Analysis 
DA  -  Dapartmant  of  the  Army 
DOti  -  Department  of  Defense 

EO-TADS  -  Electro-Optical  Target  Acquisition  and  Designation  System 

FSD  -  Full  Scale  Development 

JMSNS  -  Justification  for  Major  System  New  start 

LHX  -  Light  Helicopter  Family 

LHX-u  -  Light  Helicopter  Family  -  Utility  Helicopter 
UC.-f CAT  -  Light  Helicopter  Family  -  Scout/Attack  Helicopter 
LC\  -  letter  of  Agreement 

MANPRINT  -  Manpower,  Personnel  and  Integration  Training 

MEP  -  Mission  Equipment  Package 

NBC  -  Nuclear  Biological  Chemical 

NOE  -  Nap-of-tbe- Earth 

060  -  Operational  a  Organizational 

PMGW  -  Primary  Mission  Gross  weight 

RAH  -  Reliability,  Availability,  and  Maintainability 

ROC  -  Required  operational  Capability 

SOGW  -  Structural  Design  Gross  Wslght 

TQA  -  Trade-Off  Analysis 

TOD  -  Trade-off  Determination 

TRADCC  -  Training  and  Doctrine  Command 

WHAT  IS  LHX 


The  lhx  wiil  consist  of  two  advanced  technology  conventional  helicopters,  a  Scout/Attack  (SCAT)  and  a 
utility  (LHX-C)  version  with  cenmon  dynamic  components  (engine,  rotors,  drive  system),  cannon  core 
Mission  Equipment  Package  (MEP)  and  cannon  subsystems  as  depicted  in  Figure  1..  The  SCAT  will  be 
designed  to  autonomously  perform  both  the  Scout  and  Attack  helicopter  functions,  e.g. ,  find  and 
destroy  enemy  targets.  The  LHX-U  will  perform  light  utility  helicopter  missions)  resupply,  team 
insertion  and  ccmnand,  camunication  and  control.  The  LHX  will  replace  out  current  light  fleet  of 
rapidly  aging  and  tactically  obsolescing  UH-1,  AH-1,  OH-6  and  OH-58  series  of  helicopters  and 
complement  our  heavy  fleet  of  AH-64  attack  and  UH-60  utility  helicopters. 

WHY  LHX 

as  detailed  in  reference  1,  the  initial  need  for  the  LHX  was  established  as  a  result  of  ths  Army 

Aviation  Mission  Area  Analysis  (AAMAA)  which  identified  the  current  light  fleet  deficiencies  depicted 

in  Figure  2.  These  deficiencies  result  from  the  specific  condition  of  the  Army's  current  light  fleet 

an  shown  in  Figure  3.  The  economic  and  logistics  supportability  problems  arise  from  the  profileration 

of  the  current  light  fleet  aircraft,  the  age  of  these  aircraft  and  the  fact  that  these  aircraft  * 

incorporate  1950's  technology.  They  obviously  ace  lacking  in  terms  of  countering  the  current  or 

future  threat  and  also  are  severely  deficient  in  addressing  the  expanded  battlefield  of  the  1990'a  In  j 

terns  of  high  altitude,  hot  day  operation.  j 
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Mt  la  cur  i  «tly  In  the  coney,  formulation  (1mm,  which  Ummdlatsly  pcecedss  pull  teal* 
mvnlctmsw  (t.il.  Concept  formulation  la  guided  bp  AA- 1000-1,  aaalc  Policies  for  Dystaa  Vcqulaltlon 
and  Aft  ?l-»,  Material  Objectives  and  Rsqulremanta.  Coney,  f  omelet  la,  vtj  initiated  hy  Approve)  of 
tha  Justification  for  Major  System  haw  Start  UWWI  in  1*82.  This  cna  page  itarommnt  doacrlbaa  tha 
coney  to  ba  explored,  why  a  na m  ayetem  la  required  and  aatabllahaa  Initial  major  goals  for  tha 
prog  ran.  tha  next  step  la  for  tha  fray's  Training  and  Doctrlna  Caaaand  ( TRADOC  i  to  daflna  how  tha 
helicopter  will  ha  utlllaad  and  what  types  of  nlsaiona  It  will  parfona.  This  la  doctsaantad  In  tha 
operational  and  Organisational  <oao)  plan.  Tha  in*  0*0  plan  waa  guldad  by  tha  us  Amy's  projections 
of  what  tha  futura  battlefield  will  ba  Ilka  around  tha  yaar  2000,  officially  called  tha  Ana y  21 
coney.  This  formulation  ptocoaa  la  aat  up  to  uyataaatlcally  determine  apacltic  ragutraaanta  and 
prapara  tor  dsvelopssnt  of  tha  ayatoa.  Tha  raqulraaanta  procaaa,  starting  with  vary  ganatal 
reqult saints  In  tha  010  plan,  avolvaa  through  tha  bat  tar  of  A^raanant  UOA)  with  acm  apaclftc  but 
flexible  raqulruaanta  Into  tha  Required  Oparatlcnal  Oybility  (ICC)  with  ganatally  apacltic,  fina 
raqulraaanta.  Mills  tha  raqulraaanta  procaaa  la  primarily  tha  responsibility  of  ThADOC,  tha  Any 
Materiel  Oaaaand  (Mac)  which  iiaa  tha  raaponalblllty  for  davalaplng  and  procuring  ayatsaa  which  aat 
TRADOC's  raqulraaanta,  plays  a  major  rolw  in  advising  and  providing  data  to  aaalat  In  tha  requUmsenta 
avolutlon. 

Tha  coney  foraulaticn  procaaa  aa  dapictad  In  Pigura  4  consists  of  a  Trade-off  Datwra (nation  (TOO), 
nraparad  by  ANC,  a  Trada-Off  Analysis  (TOA),  praparad  by  TRADOC,  a  Bast  Technical  Approach  (VTA), 
praparad  try  ANC  and  a  Coat  and  oparatlanal  Bffactlvanssa  Analysis  (COBA),  praparad  by  TRADOC,  each 
cowawnd  (l.a.,  TRADOC  and  ANC)  support*  tha  othar  in  supplying  data,  ravin*  and  coordination  of  such 
of  tha  aforaMntlanad  documents,  and  In  tha  caaa  of  the  UOt  program,  tha  US  hallcaptar  industry  also 
had  substantial  involvaaant  In  tha  procaaa,  primarily  through  thraa  contracts)  LHX  Preliminary  oaalgn, 
LHX  Kind  Tumal/Sinul  at  Ion  and  tha  Advancad  Rotorcraft  Tachnology  tntagratlon  (ASTI)  program. 

Tha  Too  procaaa  as  outlinsd  in  Pigura  S  providta  data  on  candidate  aircraft  and  subsystems  along  with 
tachnology  daacrlptlona,  coat,  walght,  tachnlcal  risk,  and  Reliability,  Availability  and 
Nalntalnablllty  (RAN)  implication.  Tha  TOO  provides  tha  first  aat  of  prallninary  designs  of 
candidate  system  which  can  Meat  the  general  raqulraaanta  of  tha  0*0  plan.  Sets  of  designs  era 
provided  to  ensure  a  full  range  of  options.  In  term  of  specific  requiranents,  are  available  since 
tins  requirements  are  not  known  at  this  stage  of  coney  formulation. 

For  sxamplt,  In  tha  LHX  TOO  designs  ware  formulated  for  five  configurational  conventional  helicopters, 
compound  helicopters,  Advancing  Blade  Concept  (ABC)  helicopters,  coapoundad  ABC  helicopters  and  tilt 
rotor  aircraft.  During  tha  TOA  tha  TOO  outputs,  including  preliminary  designs,  are  examined  using 
limited  effectiveness  modeling  and  substudy  analysis  to  begin  tha  process  of  translating  broad 
concepts  into  specific  recfilrasmnta.  Normally  the  primary  product  of  tha  TOA,  In  addition  to  tha  TOA 
report,  la  tha  firnt  specific  requirements  document,  tha  DQA.  The  UOA  la  an  agreement  between  ANC  and 
TRADOC  which  allows  planning,  to  Include  program  development  funding,  for  PSD.  Tha  L0A  contains 
specific,  but  flaxibla  preliminary  retirements,  which  allows  ANC  to  formulate  tha  STA,  Thus,  tha  BTA 
can  ba  praparad  baaed  upon  specific  requirements  which  allows  for  specific  design  candidates  ss 
opposed  to  the  multitude  of  design  variations  In  the  TDD.  For  example,  for  the  LHX  BTA,  the  only 
configuration  included  was  tha  conventional  helicopter.  However,  US  Army  regulations  dictate  that  a 
new  development  aystan  cannot  be  assused  a  priori,  and  thus  design  derivatives  of  existing  military 
and  cosaarcial  aircraft  must  ba  included  for  analysis  in  tha  naxt  step  In  concept  formulation,  namely 
tha  COBA.  In  the  C06A,  the  BTA 'a  (new  development  and  derivative  designs)  are  thoroughly  examined 
utilising  sophisticated  force-on-force  effectiveness  analysis  (i.e.,  war  gaming)  to  provide  definite 
data  an  the  effectiveness  of  various  fleets  (fleets  are  formulated  for  each  sat  of  alternative 
airvehrcle  systems).  The  results  cf  the  COEA,  coupled  with  military  Judgement,  are  used  to  provide 
Department  of  the  Army  (DA)  and  Department  of  Defense  (DOC)  senior  management  with  quantifiable 
comparisons  of  alternatives  and  also  to  define  the  most  critical  pre-development  document,  the  ROC. 
Although  the  previous  description  of  tha  coney  formulation  process  seems  rather  straightforward  and 
rigid,  In  actual  practice  a  trmnandous  amount  of  negotiation  between  ANC  and  TRADOC  takas  place  along 
tha  way  and  in  tha  case  of  tha  LHX,  Industry  has  also  bean  Intimately  involved,  along  with  high  level 
DA  officials, 

PRELIMINARY  DESIGN  PROCESS 

The  evolution  of  operational  concept  to  operational  requirements  to  technical  requirements  culminating 
in  Inpacta  to  formulation  of  preliminary  designs  is  dapictad  in  rigure  6,  the  preliminary  design 
process.  This  Iterative  process  takss  plsce  throughout  concept  formulation  with  design  changes 
directly  related  to  tha  evolution  of  requirements  and  also  fluctuating  somswhat  with  changes  in 
available  technology. 

Tha  preliminary  designs  described  in  this  paper  are  Government  designs)  and  as  such,  may  not  be 
representative  of  the  actual  LHX,  which  will  of  course  be  designed  by  Industry,  not  by  tha  Government. 
However,  a  substantial  effort  is  placed  on  formulation  of  tha  Government  designs,  since  they  do  play  a 
significant  role  in  tha  concept  fomiiation  process. 

As  noted  previously,  the  first  LHX  designs  wars  formulated  during  the  TOD,  ard  at  this  point  in  the 
program,  several  major  goals  and  tha  LHX  concept  had  bean  established  and  essentially  remain  the  same 
today.  Tha  UOt  concept  and  major  program  goals  significantly  affect  tha  LHX  preliminary  designs  and 
will  ba  discussed  first  to  better  understand  how  operational  requirements  influence  the  iaaigia.  The 
program  goals  and  concepts  which  affect  tha  design  include;  Combining  scout  and  attack  functions  in 
the  SCAT,  a  SCAT  Primary  Mission  Gross  Haight  (PHGW)  of  8000  *  500  lbs.  (3628,8  *  226.8  Kg),  Utility 
dynamic  components  (engines,  rotors,  transmission )  common  with  SCAT,  averags  unit  flyaway  cost  of 
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m/tCki  and  MiVUtility,  built  in  growth  capability  (weight  and  performance)  and  ample  pilot  8CAT 
and  elngla  pilot  operable  utility,  all  consistent  with  tha  overall  Lax  conoapt  ot  Mall,  ii£twtight 
and  affordable.  in  addition,  during  tha  too  tha  dacialon  waa  aado  to  develop  an  advancod  toehnology, 
lightweight  angina  in  order  to  help  attain  weight  (throw*  fuel  efficiency),  r« liability  and 
etwratinrwl  wtd  turroct  coat  goals.  Tha  nigine  development  program  tee  iiiltlatad  j>  1M1  in  ardor  to 
ensure  availability  of  Gevanaant  qualified  anginas  tor  tax  no.  A  twin  angina  eonfigration  waa 
chooan  for  satoty  and  aarvieo  ooanonality.  to  provide  built  in  growth  potMtial  tha  TOO  angina  will 
ba  daaignad  for  1200  ehp  (IM.I  kw). 

iha  scat  ooncapt  Mans  that  both  tha  few*  and  Attack  niaaiona  aa  shown  in  Pigura  7  ara  par  for  and  by  a 
single  aircraft  and  dietataa  that  niastoA  equipment  for  acquiring  and  tracking  target*  (l.e.,  oh-ssd 
accut)  sod  uwant  to  kill  target*  (i.a.,  AM-44)  nuat  ba  coabinod  in  a  single  aircraft.  This 
translates  into  agprosinataly  1100  lbs.  <72S.t  Kg)  for  alaslon  aqulpaant  and  armoant. 


The  SCAT  weigtt  goal  (which  is  a  goal  aa  opposed  to  an  absolute  limit)  la  a  primary  driver  in  tana  of 
level*  and  types  of  technology  required  for  the  LRX.  Weight,  a* Utt* Inability,  battle  dmtaga  tolerance 
end  repair  dictates  sMima*  use  of  composite  Metsrlala  for  th*  lux  system.  Thus,  the  UOt  airframe 
will  be  an  all  coaxtsite  deelgn  tailored  fre*  tha  experience  learned  froa  results  ot  tha  Advancod 
Ocapoelt*  Aircraft  ProgrM  (acap)  dmeanatratlon  vehicle  design*.  Th*  rotor  blodao  and  rotor  hubs  will 
also  ba  nods  of  composite  materials,  in  addition,  all  aubayst—  will  conaldar  ctagoelt*  aatarlala 
application  where  practical  for  tha  overall  weight  goal  to  bo  achieved.  Gun  barrels,  drive  shafts  end 
generator  housings  ara  axamplea  of  aubaystaaw  which  nay  utilise  composite  eater i ala  to  minimise 
aircraft  weight .  The  uot  family  concept  cello  for  SCAT  and  Utility  cramon  dynamics  end  aim*  the  SCAT 
Is  the  more  complex  aircraft  with  more  demanding  performance  requirement* ,  the  Utility  dyrwmic  system 
will  ’fallout*  from  the  SCAT  design.  The  average  unit  flyaway  cost  goal  complicates  the  deel* 
process  which  must  assure  trade-offs  between  weight,  performance  and  acceptable  costa.  Tradeoffs 
involving  cost,  weight  and  performance  have  played  an  important  role  in  tha  tsguirmetta  process.  Tha 
'built  in*  growth  potential  has  also  affected  preliminary  designs.  Aa  motioned  previously  the  TOO 
1200  shp  (194.1  kw)  engine  is  currently  in  development  end  twin  TOO  engines  provide  power  in  excess 
of  that  required  to  neat  currant  performance  requirement*.  The  other  half  of  allowing  for  'built  in* 
growth  requires  additional  structural  integrity  and  aerodynamic  capability.  This  has  been  addressed 
in  tha  design  nrncsea  by  specifying  a  structural  Design  Gross  weight  (SDGW)  wall  In  excess  of  the  MOW 
and  including  performance  requirement*  (vertical  rata  of  cllab  and  maneuverability)  at  the  SDGM. 

Thus,  even  for  tha  stringent  hot  day  design  conditions,  tha  LUX  will  have  margins  in  angina  power, 
aerodynamic  capability  and  structural  integrity  aa  shown  below; 


tfurorr  botch 

POMP)  THRUST 

AVAILABLE  (100%  IRP)  H53tll«2  kw)  l.Jg 

REQUIRED  (new)  1317hp  (M2kv)  1.9g 

MARGIN  28%  14% 

*500  ft  Ain  (227mAin)  VROC 


STRUCTURAL 
LOAD  FACTOR 

rig - 


3.5g 


17% 


Tha  final  goal/concapt  to  ba  addressed  la  the  single  pilot  goal  far  the  SCAT  configuration. 
Incorporation  of  the  single  seat  contributes  appreciably  to  meeting  the  system  weight  end  cost  goals . 
Specifically,  600-700  lbs.  (272.2  -  408.2  kg)  are  saved  compered  to  a  two  pilot  configuration, 
resulting  In  an  appreciable  cost  savings,  even  thru*  the  airframe  ia  leas  than  half  of  tha  total  unit 
flyaway  coat.  Perhaps  surprisingly,  the  single  pilot  goal  is  not  a  driver  in  terms  of  required 
mission  equipment.  The  SCAT  concept  (autonemou*  scout  and  attack  functions),  threat  driven  timeline* 
and  tha  onboard  weapons  systems  dictate  mission  equipment  conaiatant  with  single  pilot  operation.  The 
sophisticated  alaslon  equipment  package  along  vitli  a  digital  flight  control  systaa  and  Integrated 
cockpit  provide*  automated  functions  which  should  reduce  workload  allowing  single  pilot  operation.  A 
detailed  explanation  of  this  would  require  a  separate  paper*  and  therefore,  will  not  fc*>  addressed 
furuer. 


It  la  evident  that  even  before  th*  operational  requirements  ara  considered  th*  Uix  concept  and  prugrma 
goals  have  fixed  a  significant  nuaber  of  design  parameter  a;  the  number  and  type  of  angine(s),  MRP  and 
armament  suite*,  SDGW,  crew  configuration  and  dynamic  coaponent*  of  the  Utility  era  established  as  a 
fallout  of  th*  scat  design. 

(JPCTATIOMAL  REQUIREMENTS 

Operational  requirements  can  be  divided  into  four  broad  categories i  Army  21  Ooncept,  which  projects 
the  characteristic*  ot  the  battlefield  around  tha  year  2000,  Threat,  Safety  and  Reliability, 
Availability,  Maintainability  (RAM).  Each  of  those  categories  will  than  b*  expanded  into  system 
characteristic*  and  th*  desist  impact  fee  each  eyetma  characteristic  will  be  described. 

ARMY  21  Q0HC8PT 

ft*  Army  2l  concept  of  th*  future  battlefield  has  three  major  thesis;  (1)  the  battlefield  will  be 
dispersed  and  intense,  (2)  the  US  Army  must  be  prepared  to  fitfnt  anywhere  in  th*  world  and  (3)  w*  oust 
be  reedy  to  fltf*  aroievd  th*  clack  regardless  of  anvlrcnaantal  condition*.  Th*  dispersed  battlefield 
implies  that  large  areas  must  ba  covered  and  thus  long  rang*  and  hi^i  endurance  are  required,  ih* 
deelgn  iapect  on  th*  LUX  is  a  rmqui resent  for  a  large  internal  fuel  capacity  and  wvhaais  on  efficient 
anginas  and  rotor  ay* tan.  TO  put  this  in  perspective,  th*  current  deelgn  ha*  a  1(00  lb.  (72S.8  Kg) 
internal  fuel  tank  which  coabinad  with  th*  fuel  efficient  TWO  engine  provides  a  coabet  ran"*  of  over 
300  n.a.  and  a  alaslon  endurance  of  2.5  hours. 
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H»  need  to  M  able  to  f  1**  miywhsra  In  the  world  uoMlotoo  Into  •  tlfiiflcnt  tot  day  performance 
cepMUlty,  mi  beta  oolf  l»la>— it  mi  tutopoittolUty  rooulr— n<i.  toe  LRX  win  to  designed  to 
perform  all  lta  toaotono  with  required  armament  mi  Ami  loading  at  4000  ft  N*P  tonalty  altitude, 
tola  result*  la  a  relatively  large  di— tar  40  ft  (12. to),  aaln  rotor  tor  auto  a  mail  aircraft.  At 
HON  tola  tutor  no* tint  a  vertioel  rata  of  ellto  of  alaoat  2000  ft/aln  (MV  *tain)  for  too  hot  toy 
coailtlm  and  nirlto  tower  out  of  «nwd  affect  tahooff  at  «roaa  ualtota  22t  atom  MW.  An  even 
larger  ilimatat  aaln  rotor  altot  ba  preferred  but  too  requirement  to  load  aa  cany  aircraft  to  possible 
in  a  0-141  uananort  aircraft  rattrlcta  larger  dimatar  totora  tinea  tot  rotor  dimeter  alao  dr  1  vat 
too  overall  fuselage  lantto  mi  too  rotor /fumiam  rartleal  separation  retired  la  a  function  of  rotor 
dUawbar.  atom  airlift  toll  to  at  a  Frmdm  during  a  tlm  of  emargency,  tot  Any  wanta  to  anaura 
that  too  Utt  can  fat  to  tto  battlaflald.  tolf-dmloy— *t  capability  toll  alto  to  reqiUad  for  both 
too  Air  thorn  and  southarn  routaa  to  turopm,  Air  trmaportablllty  alao  raatrteta  tha  overall  height  of 
tha  aircraft  toua  eo^llcatl'  <i  placement  of  almlen  ttiljtant  aanaora  and  Introducing  potential 
aerodynamic  lntarftranc*  complications  due  to  dtctitoH  rotor/fueelagt  aoparatlon  w  mi  experienced 
during  dsvalcgmmnt  to  tto  Ariy'a  ua-40  and  wt-44.  talf-dtplcyomnt  toll  be  eocofellahed  with  toe 
edditlon  to  external  fuel  tanka  which  adda  weight  to  tot  baolc  aircraft  tor  atruetural  provisioning 
and  elao,  tinea  tha  ealf-daployeant  ml  talon  will  take  oear  I  hour  a,  ayetrn  reliability  la  a  key 
factor. 

Wing  raady  and  able  to  fly  and  fight  around  tha  clock  at  nltf*  and  in  advarat  weatoar,  anhmcaa  toe 
need  for  a  pilotage  ayatm  to  eaeiat  tha  pilot  In  nltfit  Nap  of-tha-tarto  (Hot)  operations  and  an 
advanced  atate-of-tha-ert  electro-optical  Target  acquisition  tyatm  (1-0  TABS)  to  ease  the  burden  of 
target  acquisition  to  the  maxim*  extant  practical,  them  requirements  add  appreciable  ayatm  coat 
and  approximately  ISO  lta.  (isa.l  Kg)  to  aircraft  mpty  weight  and  pcaaant  a  design  challenge  in  term 
of  sensor  per  fortunes  and  placemnt  to  anaura  unrestricted  largo  field-of-vlew  for  single  pilot 
operation  and  exceptional  targeting  capability  neemoary  to  court er  future  threats. 


O though  the  threat  to  uoc  la  anconpaaaad  in  too  Army  21  concept,  threat  will  ba  addressed  separately 
by  consideration  to  both  ground  and  air  ayataao.  tn  addition  to  tha  nornal  grand  forces,  the  mx  is 
expected  to  engage  in  air-to-air  ccnbat  with  threat  helicopter  a.  Thii  requirement,  in  addition  to  tha 
obvious  need  for  air-to-air  weapons  (turret  ad  gm  and  air-to-air  sisal  lea)  dictates  at  least  speed 
parity  with  the  threat  ayatm  and  significant  Maneuverability  and  agility  capability,  toe  need  for 
increased  spied  is  raflsctad  in  tha  Utt  deeipi  innovations  far  law  drag,  nmely,  narrow  fuselage 
(aided  by  single  pilot  design),  retractable  landing  gear,  anginas  aaaantlally  buried  In  the  fuselage, 
high  spaed  airfoils  and  tappsred/awapt  tip  min  rotors  and  intamal/conforml  weapons  pods.  The  twin 
TdOO  anginas  copied  with  the  above  design  characteristics  allow  tha  UR  SCAT  to  seat  tha  170  knot 
cruise  speed  teguirmant.  For  Mneuvar ability,  a  hl?i  solidity  rotor  toll  to  required  to  amt  a  high 
speed  load  factor  capability  at  SOCH.  since  results  of  air-to-air  coafaat  studies  indicate  that  tha 
ability  to  turn  rapidly  has  benefits  In  both  avoiding  and  engaging  enemy  targets,  a  high  turn  rate 
requlnnent  for  the  Utt  dictate*  both  a  large  diamtar  and  hlto  aolidltv  anti -torque/di rect tonal 
control  ayatm. 

Tha  vast  mabers  and  increasing  sophistication  to  threat  ground  acquisition  system  and  weapons  makes 
the  mount  of  tlm  tha  helicopter  is  exposed  (aa  opposed  to  Masked  by  terrain  or  vegitation)  an 
extremely  critical  parameter.  To  minimise  exposure  tlm,  the  ayatm  aust  to  able  to  rapidly  unaask, 
acquire  md/angaga  targets  and  rapidly  return  to  mask.  Kapid  acquisition  to  targets  translate  Into  a 
large  search  voltan  with  an  ability  to  acm  rapidly  and  high  epaid  data  processing,  tux  designs  will 
require  automated  flight  modes,  such  aa  automatic  hover  hold  and  automatic  'bob  up'to  aid  single  pilot 
operation  and  minimi  aa  exposure  tlm.  Tha  future  battlefield  will  certainly  include  various  low  and 
medium  caliber  weapons  from  ground  system  and  ground  personnel  which  requires  the  addition  to 
ballistic  armor  for  craw  and  critical  component  protection,  as  wall  as  redundancy  in  flight  controls 
and  other  critical  components.  Ballistic  protection  adds  over  200  lta.  (124  Kg)  to  tha  aircraft  empty 
weight. 

Finally,  the  future  battlefield  la  projected  to  have  Nuclear,  Biological  and  Chemical  (tec)  threat*. 

Am  in  currant  system,  the  uu  craw  will  wear  protective  tec  enaamblsai  but  in  addition,  tha  lhx  scat 
will  have  a  aaalad-prasaurlxad  cockpit  and  Integral  micro-climatic  cooling  system  to  provide 
additional  protection  and  crew  comfort.  Alao,  both  the  SCAT  and  Utility  will  ba  dmigwd  to  minimize 
internal  and  external  crevice*  and  open  compartments  to  aid  In  the  decontamination  process. 

sum 

The  next  two  categories  to  operational  requirements,  safety  and  Reliability  Availability,  and 
Maintainability  era  equally  Uqnetant  for  peacetime  and  wartime  operation.  Aa  part  of  the  TOO  and  TQA 
processes  significant  safety  related  requirements  have  bean  identified.  These  include)  twin  engines, 
crashworthiness  protection  aqua)  that  found  in  tha  such  larger  AH-64  and  UN-40  aircraft,  wire  strike 
protection,  frangible  main  rotor  tips,  external  protection  for  the  anti-torque  systan,  and  automated 
cockpit  for  workload  reduction. 


PAN 

Finally,  recognising  that  aystw  performance  la  only  useful  if  tha  system  is  available  when  needed  and 
that  support  resources  are  at  a  premium,  special  enphasla  has  been  placed  upon  tha  LHX  RAM 
characteristics.  Good  RAN  characteristics  can  only  result  if  actions  are  taken  early  in  tha  deaigt 
process.  In  the  cams  of  LHX,  AHC  has  established  in  initiative,  labeled  Manpower  and  Personnel 
integration  (MAtCRINT)  to  anaura  RAM,  safety,  and  training  and  himan  factors  art  thoroughly  considered 
in  the  deal?)  process,  soma  of  the  specific  impacts  of  this  initiative  on  the  current  LHX  design 
regarding  RAM  characteristic*  ere  aa  follows:  Increased  use  of  high  reliability  components, 
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self-healing  architecture,  onboard  diagnostics  and  testability,  redundant  flight  control  and  other 
critical  systems,  flight  data  recorders,  designed  in  accessability  for  servicing,  conrnonality  of  parts 
between  the  SCAT  and  Utility  in  addition  to  an  overall  reduction  of  parts  through  application  of 
advanced  technology  design  and  fabrication. 
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MANY  COMMON  SUBSYSTEMS  t  MISSION  EQUIPMENT 
FIGURE  1.  LHX  COMMONALITY 


Existing  Light  Fleet  Major  Deficiencies 


•  Fleet  Age/Obsolescence 

•  Economic  and  Logistic  Supportablllty 
•  Battlefield  Survivability 

•  Operate  in  High/Hot  Environment  with 
Mission  Payload 

•  Adverse  Weather  and  Night  Capability 

*  •  Stand-Off  Range,  Multi-Target 
Engagement  Capability 

•  Strategic  Deployment  Capability 
•  Air-to-Air  Self  Defense  Capability 


DEMAND  LHX 


FIGURE  2.  AAMAA  DEFICIENCIES 
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•  Average  Age  Will  Exceed  30  Year*  by  Year  2000 

•  Deteriorating  Economic  and  Logistic  Supports  bWity 

•  insufficient  Quantities  to  Satisfy  Aviation  Modernisation 

Plan  Force  Structure 

•  Void  of  NBC  Protection 

•  Insufficient  Payload /Range  for  Air  Land  Battle  2000 

•  High  Fuel  Consumption  in  Comparison  to  Modern  Engines 

•  Lack  of  Adverse  Weather  Capability  (Rain/Fog/Obscurants) 

•  Inadequate  Air-To-Air  Capability 

•  Inadequate  Against  Advanced  Threats 

•  Cumbersome  Transportability  and  Not  Self- Deployable 

FIGURE  3.  EXISTING  LIGHT  FLEET  CONDITION 
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FIGURE  *.  i.HX  CONCEPT  FORMULATION 


FIGURE  8.  TRADE  OFF  DETERMINATION 


FIGURE  8.  THE  PRELIMINARY  DESIGN  PROCESS 
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LHX-UTIU7Y  LHX -SC  A 
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LHX  MISSIONS 


MM- Ml 


*  Ntw  Mlutons  Rtqukrd  in  Arm?  21 


FIGURE  7.  LHX  SCAT  MISSIONS 


3-1 


DESIGN  REQUIREMENTS  FOR 
FUTURE  COMMERCIAL  OPERATIONS 

by 

fc.  FPJSchaper 
Research  &  Development 
Flight  Logistics  Manager 
KLM  HEUKOPTERS  B.V. 

1 1 17  2L  Scbiphol  Airport  East 
The  Netherlands 


ABSTRACT 


This  paper  focuses  on  design  requirements  stemming, from  civil  operations. 

The  offshore  oil  and  gas  industry  is  ard  will  continue  to  be  the  min  application  of  civil  helicopters. 
Development  of  other  coanercial  market  will  r> -quire  major  improvements  in  almost  all  areas.  Some  of 
these  areas  are  hlghlicfited  here:  safety,  reliability ,  cockpit  ergonomics,  vibration  for  example. 

The  current  rate  of  progress  is  considered  much  too  slow  and  concert  is  expressed  about  military  and 
civil  requirements  drifting  apart. 

The  current  situation  calls  for  ambitious  goals  to  be  attained  in  coitmercial  helicopters  before  the 
turn  of  the  century.  Designers  of  new  military  helicopters  currently  or  the  drawing  board  should  be 
aware  of  these  civil  requirements  end  take  them  into  account  as  much  as  possible. 


1.  INTRODUCTION 


Nneious  articles  and  lectures  have  been  written  about  helicopter  improvements.  Some  items  are 
repeated  over  and  over  again,  for  example:  safety,  reliability,  costs,  comfort.  They  will  be 
discussed  again  here,  among  other  aspects  that  need  to  be  highlighted  as  well. 

Some  people  tend  to  be  content  with  the  current  rate  or  progress.  According  to  ref.  X  the 
helicopter  is  even  approaching  the  point  where  i«.  can  be  regarded  as  a  routine  method  of  public 
transport.  Let  me  assure  you  that  the  helicopter  is  nowhere  near  that  point: 

-  the  newest  medium-sized  helicopter  types  are  still  unable  to  fully  replace  a  25-yetr  old 
"workhorse"  like  the  561,  essentially  in  bunged  during  its  lifetime,  because  of  its  passenger 
comfort,  its  reliability  it"  its  low  costs; 

-  helicopter  noise  still  provides  envlrormentalists  sufficient  reason  to  prevent  heliports  and 
services  from  being  developed; 

-  ail  major  helicopter  operators  still  almost  fully  depend  or,  the  offshore  energy  Industry,  Just 
like  20  years  ago,  because  it  is  the  only  sizoable  civil  market  that  can  afford  helicopters  and 
has  no  proper  alternative  available. 

So  let  t"  —t  kid  ourselves  and  determine  where  our  goals  should  be  and  what  can  be  done  to  attain 
them 

A  comm.  helicopter  operation  is  much  different  from  a  fixed  wing  airline  operation.  An 
offsho  . jlicopter  is  operated  from  a  local  base  to  which  it  returns  every  day.  Figure  1  shows  the 
(Xitch  Continental  Shelf  with  all  its  oil  and  gas  platforms.  The  daily  work  of  a  helicopter  Involves 
short  flitfits  with  many  lendings,  that  usually  arnxxrt  ip  to  twenty,  sometimes  forty,  a  day.  The 
average  number  of  take-offs  is  2.7  per  flight  hour  for  the  S61  and  3.5  per  flight  hour  for  the  S7«; 
the  difference  mainly  stems  from  •  difference  in  cruise  speeds. 

Figjre  2  lists  the  North  Sea  operators  and  the  equipment  they  use.  None  of  them  is  big  enough  to 
support  a  vast  Research  &  Engineering  Department.  This  may  preset  .  a  problem  as  the  helicopter  is 
steadily  getting  more  complex. 

A  comma rcial  hslicopter  operation  is  also  much  different  from  a  military  helicopter  operation.  It 
therefore  seta  different  design  requirements  for  example  with  regard  to  payload  versus  ranga,  cabin 
&j.ze  and  seating  arrangements,  and  ditching  requirements.  Some  military  requirements  do  not  apply 
to  civil  operation  at  all,  which  in  seme  cases  renders  a  military  helicopter  useless  for  civil 
transport.  Such  cases  are  not  limited  to  attack  helicopters  only.  Since  a  manufacturer  of  a 
military  helicopter  will  always  start  looking  for  civil  customers  for  the  same  machine  at  one  point 
in  time  it  is  useful  to  compare  the  military  with  the  civil  requirements  at  an  early  stage  of  the 
design  process.  The  EH10.1  is  a  good  example  of  this  practice. 
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2.  TYPICAL  CQXICIAL  CFF3HBC  REQUIHPCMTS 

2.1.  PAYLOAD  RANGE  POFCMME 

The  met  obvious  predecessor  of  an  offshore  helicopter  is  s  military  utility  helicopter. 
Payload-range  requirements  however  may  differ  widely.  The  UH-60  Black  Hawk  doesn't  have 
enough  range  for  offshore  operations. 

The  EH101  on  the  other  hand  has  plenty  of  range  and  plenty  of  payload  because  of  its 
ASW-requiremant.  It  might  even  be  more  than  the  offshore  operators  will  need  or  be  able  to 
pay  for.  Tims  will  tell. 

Figure  3  shows  how  none  of  the  above  la  the  ideal  S&1N  successor. 


2.2.  CABIN  SIZE  AND  SEATING 

Among  typical  military  requirements  such  as  agility,  maneuverability,  detectability, 
vulnerability,  weapon  system  comparability  and  survivability  there  is  air  transportability. 
This  is  what  caused  the  lH-60'a  telescopic  rotor  matt  and  low  cabin  ceiling.  Its  cabin 
comfort  therefore  is  not  able  to  compete  with  an  S61  or  Super  Puna,  both  with  aisle,  as 
figure  A  clearly  shows.  Offshore  helicopters  are  often  used  for  shuttling,  which  means  that  a 
helicopter  goat  to  many  rigs  in  one  flitfit ,  transporting  passengers  to  and  from  each  rig.  An 
aisle  in  the  cabin  is  a  very  valuable  asset  for  this  type  of  operation. 

In  addition,  the  baggage  handling  and  refueling  must  be  easy  in  order  to  limit  ground  times. 
Our  goal  should  be  airline  standard,  as  in  the  EH1D1.  The  current  S70C,  the  "Civil  Black 
Hawk"  has  almost  no  baggage  space.  These  examples  clearly  show  that  the  STOC's  fuselage  would 
have  to  be  modified  considerably  for  it  to  become  a  commercially  acceptable  aircraft. 


2.3.  DITCHING 

No  offshore  helicopter  flying  today,  tie  S-61  being  the  only  exception,  wes  initially 
designed  according  to  ditching  requirements.  Proper  floatation  gear  and  proper 
liferaft-storage  hove  been  a  problem  in  every  such  aircraft.  Even  helicopters  intentionally 
designed  for  civil  use  provide  poor  solutions,  if  any.  The  "solution"  for  the  S76.  for 
example,  was  to  put  it  an  a  passenger  seat.  It  took  6  years  to  solve  it  (figure  5);  reasons: 
lack  of  manpower,  funds  and  creativity. 


2.4.  tCDEVAC 

The  civil  helicopter  is  increasingly  being  used  for  medical  emergencies.  Offshore  operators 
have  offered  this  kind  of  service  already  from  the  start,  but  their  helicopters  have  not  been 
equipped  like  today's  dadicaisu  Medevac  aircraft.  New  designs  should  take  this  type  of 
operation  into  account. 


3.  MAJOR  PjPgBjgOjTS  AWE  (CEDED 

3.1.  SAFETY 

The  British  HARP  report  (ref.  2),  mandatory  reading  for  every  designer,  offers  a  clear  view 
about  current  helicopter  safety  levels  as  compared  to  fixed  wing  aircraft.  Figure  6  shows 
that  when  compared  on  a  'per  hour  of  flight'  basis  the  helicopters  are  worse  than  fixed  wing 
airplanes.  When  treated  on  a  'per  flight'  basis  helicopter  rates  would  become  comparable  to 
prapellor  turbine  transports  but  still  fall  short  of  Jet  transports.  Statistics  also  show 
that  military  experience  with  a  helicopter  before  it  enters  civil  operation  is  beneficial  to 
its  civil  accident  record. 

Figure  7  shows  where  improvements  have  to  take  place  in  order  to  improve  the  helicopter's 
safety  record.  Priority  should  be  given  to  pilot  aspects,  such  as  cockpit  environment,  engine 
and  airframe  design  and  maintenance  aspects. 


3.2.  RELIABILITY 

Safety  and  reliability  are  highly  correlated  in  helicopters.  Technical  delays  and  reliability 
are  also  hi^tly  correlated. 

Technical  failures  delay  5*  of  all  departures. 

Figure  8  shows  the  total  ruaber  of  hours  of  delay  during  March  1986,  caused  by  technical 
reasons,  weather  or  other  reasons. 

A  significant  amount  of  the  inreliability  and  failure  of  helicopters  cen  be  attributed  to 
fatigue.  The  "high  frequency"  fatigue  is  the  more  significant  case  for  helicopters,  the 
source  of  loading  being  the  rotation  of  the  rotors. 


3-3 


3.3.  AVAILABILITY 

Availability  maters  of  halicoptara  typically  ranga  fro*  73*  to  95*  (90*  means  that  the 
aircraft  is  available  for  costercial  flying  or  training  329  days  a  year).  Figure  9  shows  the 
importance  of  reliable  engines  and  quick  replacement,  vibration  control,  long  TBO's  and  easy 
inspection  procedures.  Availability  should  of  course  be  in  the  nineties  (S61). 


3.4.  COSTS 

Purchase  prices  of  helicopters  are  much  too  high.  Manufacturers  claim  that  this  is  caused  by 
the  lack  of  sufficient  and  continuoua  production  rates,  high  engineering  coats,  expensive 
materials,  extensive  testing,  customer  options,  certification  efforts,  etc.  and  this  is 
probably  all  true.  Still,  something  should  be  dona  about  it,  because  in  the  and  coamercial 
operators  will  only  be  rbla  to  buy  used  helicopters  and  production  levels  will  remain  low. 

A  major  goal  for  manufacturers  should  be  to  lower  operating  costs  experienced  by  the 
customers.  Apart  from  the  obvious  costs,  the  hidden  costs  represent  a  major  unbudgeted 
expense  (ref.  3): 


OBVIOUS  COSTS 


HIDDEN  COSTS 


salaries 

facilities 

equipment 

maintenance 

training 

fuel 

insurance 


accidents 
incidents 
incompetency 
customer  demands 
management  demands 


The  manufacturer's  duty  is  to  design  and  build  a  cheap  helicopter  that  is  as  easy  to  maintain 
as  a  car,  while  It  is  the  operator's  duty  to  buy  hundreds  of  them  and  operate  them  cheaply 
for  everyone  and  everywhere. 


3.5.  CREW  FATIGUE  AND  HEALTH 

According  to  figure  7  32*  of  helicopter  accldents/incidents  are  caused  by  pilot  error. 
Contributing  factors  surely  are  pilot  workload  and  crew  fatig*.  Crew  fatigue  can  be  caused 
by  long  duty  hours,  helicopter  vibration,  posture,  seat  (inability  to  move),  continuous 
noise,  many  landings  and  take-offs. 

These  areas  require  specific  attention. 

Pilot  health,  back  problems  in  particular,  is  also  becoming  a  focal  point  of  attention.  Last 
year's  record  averaged  17  days  of  sick  leave  per  pilot  mainly  due  to  serious  long-term  back 
complaints  (normal  population  average  should  be  3  days).  8CK  or  the  pilots  have  back 
complaints  (normal  population  average:  40*). 

The  main  contributing  factors  are: 

-  asymmetrical  posture  of  the  spine  due  to  specific  helicopter  controls  (collective  and 
stick);  this  is  an  inherent  cockpit  design  problem; 

-  poor  pilot  seat  configuration  and  adjustability; 

-  high  vibration  level 

There  are  many  reasons  why  this  problem  only  surfaced  fairly  recent  during  the  last  five 
years.  Examples: 

-  commercial  pilots  now  a.eraqe  around  or  over  40  years  of  age  and  as  they  get  older  they 
become  more  sensitive  to  uie  problem; 

-  they  average  14  continuous  years  of  helicopter  flying,  logging  thousands  of  hours, 
building  up  the  problem; 

-  increased  efficiency  of  duty  hours  with  intense  flying  without  enough  intermissions.  , 
Military  pilots  might  not  have  back  problems  to  the  same  extent  as  ccanercial  pilots, 
because  of  the  reasons  mentioned  above.  Nevertheless,  every  hour  the;  log  during  their 
military  career  increases  the  chances  of  back  problems  that  will  sur  ace  during  their 
coamercial  career  later  on. 

These  problems  should  be  a  ccrsem  to  the  manufacturers  also,  but  they  seem  to  neglect  it. 


3.6.  PASSENGER  COMFORT 

Seating,  vibration  and  internal  noise  are  the  three  main  factors  that  contribute  to  the  (lack 
of)  comfort  offered  to  today's  helicopter  passenger.  Improvements  should  be  possible,  even  in 
current  helicopter  types. 


kln's  vibration  Ualt  la  0.2  ips.  The  industry's  goal  should  b*  auch  lower:  0.0S  ipa  for 
all  fraquanciat.  If*  aoat  fruatratlng  aapact  of  fighting  vlbritlon  la  tha  helicopter 
induatry'a  baalc  lack  of  knowledge  about  vibration  and  rotor  behaviour. 

All  aanufacturara  hava  thalr  oan  experimental  davlcaa  of  decreasing  or  abaortolng 
vibration,  for  axaapla: 

Sikoraky  -  bif  liars,  VTA  and  lateral  vibration  absorber 

Aaroapatlale  -  flexible  gearbox  attachaant  davlcaa 

Westland  -  Naatland  vibration  absorber 

Ball  -  noodle  bean 

Shy  don't  they  ait  together,  figure  out  one  or  two  aolutiona  and  put  that  into  all 
helicopters? 

Nhy  can't  we  accurately  predict  the  effect  of  pitch  rod  and  tab  adjustments  on  the 
tracking  picture  of  all  bladea,  in  forward  speed  conditions? 

Shy  does  tee  allow  operators  to  adjust  all  tabs,  while  Aerospatiale  does  not  allow  any  tab 
adjustments  and  Sikorsky  allows  only  outboard  tab  adjustments  (and  what  will  Naatland 
allow  for  the  EH101)? 

Nhy  do  manufacturers  still  think  that  calibrating  a  rotor  blade  on  a  two-bladed  rotor 
tower  (without  forward  speed)  assures  proper  behaviour  of  that  blade  an  a  four-bladed 
helicopter  in  140  kta  forward  speed? 

Modem  technology  has  given  us  swept  rotorblade  tips,  but  not  the  knowledge  about  their 
Influence  on  vibration. 

Nb  don't  see  enough  interest  and  real  effort  by  the  manufacturers,  and  operators  also,  to 
come  to  grips  with  vibration  in  order  to  substantially  lower  overall  vibration  levels.  Let 
us  hope  that  active  vibration  control  will  finally  rid  us  of  the  problem. 


3.7.  EXTERNAL  NOISE 

Figure  10  shows  how  serious  the  problem  is.  We  have  made  no  progress  in  terns  of  external 
noise  since  the  introduction  of  the  S61  25  years  ago.  Quite  to  the  contrary:  more  recent 
helicopters  tend  to  get  noisier.  It  is  essential  to  the  civil  helicopter's  future  that 
this  trend  is  reversed.  External  noise  should  become  part  of  certification  and  credible 
and  comparable  noise  measureatents  should  be  required.  If  that  doesn't  help,  whet  will? 

Ns  should  not  accept  current  noise  levels  as  normal  standard. 


3.8.  ALL  WEATHER  CAPABILITIES 

In  March  and  April  of  1986  approximately  10k  or  all  departures  were  delayed  because  of 
weather  conditions. 

Figure  8  chows  the  delays  incurred  by  low  visibility  (or  icing)  conditions,  many  times 
leading  to  loss  of  revenues.  Improvements  should  be  made  in  these  areas  also. 


HAYS  TO  WWff 

4.1.  HEALTH  AND  USAGE  MONITORING 

According  to  ref.  4  the  principal  difficulties  in  implementing  safe-life  procedures  ere: 

-  predicting  operating  flight  spectra  and  schedules; 

-  translating  flight  spectra  into  manoeuvres; 

-  determining  loads  produced  in  components  by  these  manoeuvres. 

Ref.  2  already  noticed  the  wide  disparity  between  the  assumed  operational  duty  used  by  the 
helicopter  makers  and  what  in  practice  operators  achieve  in  practical  operations. 
Manufacturers  ahould  specify  more  realistic  operational  cpmc.tra  in  conjuction  with 
customers  for  their  helicopters.  A  recent  study  performed  inhouse  by  KLN  Halikopters  tends 
to  support  these  views  (figure  11);  note  how  computer  models  often  provide  a  false  image 
of  accuracy.  Figure  11  also  shows  the  extensive  ground  taxiing  that  is  required  on  civil 
airports.  This  can  causa  fatigue  damage,  but  no-one  knows  how  much. 

The  only  proper  solution  is  usage  monitoring,  which  should  provide  a  more  reasonable  basis 
for  retirement  than  flying  hours.  It  should  be  set  up  in  a  way  that  includes  onboard  data 
reduction.  This  permits  Instant  after  night  status  indication  of  each  module  without  the 
need  for  further  processing  of  data  on  the  ground.  The  main  attention  areas  are:  engine 
trends,  vibration  and  gearbox  loads. 


4.2.  COCKPIT  ERGONOMICS 

A  study  performed  by  a  KLM  doctor  and  a  KLN  ergonomicist  (human  factors  specialist) 
indicated  clear  directions  towards  solving  pilot  back  problems: 
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1.  •  radically  different  cockpit  deaign  that  allow*  a  symmetries  poature  of  the  pilot; 

2.  a  pilot  aeat  with  the  um  feeturea  that  every  truck  driver' a  aeat  haa  (end  probably 
your  own  car  at  well):  luwber  support,  armrests,  variable  inclination,  thl^t  support; 

3.  lower  vibration  levela. 

Thla  atudy  aupporta  the  view  of  the  HW  report  (ref.  2)  that  human  error-cauaed  accidents 
way  well  be  common  to  fixed  wing  aircraft  pilot*,  and  require  ergonomic  or  psychological 
atudy  aa  well  aa  technical. 

The  only  way  to  radically  change  the  cockpit  design  is  to  incorporate  side-stick 
controllers,  that  integrate  tne  collective  with  the  control  stick,  kef.  3  shows  that  this 
is  very  well  possible  and  suam  up  the  advantages: 

-  increase  in  available  cockpit  apace; 

-  up  to  30ft  weight  savings; 

-  improved  reliability; 
pilot  safety  and  comfort; 

-  improved  visibility; 

-  better  Ingress/egress; 

-  Improved  crashworthiness; 

-  elimination  of  the  poor  posture  caused  by  conventional  controls. 

E  ery  newly  designed  helicopter  should  have  side-stick  controls.  It  is  a  grave  pity  that 
the  EH101  doesn't  have  them.  It  would  have  been  a  major  step  forwards. 


4.3.  ROTOR  BLADES 

Improvements  have  been  made  in  terms  of  aerodynamic  design  (performance),  damage  tolerance 
and  fatigue  (composites),  but  we  got  more  complex  vibration  problems  (blade  tips, 
exchangeability  of  blades)  and  perhaps  higher  noise  in  return. 

The  first  successful  mixture  of  aerodynamic  design  and  composite  material  seams  to  be  the 
BEHP-blade,  currently  flying  on  Westland  Lynx  and  N30-300  aircraft  and  to  be  fitted  nn  the 
EH101. 

In  fact,  their  improved  aerodynamic  design  could  only  be  achieved  by  the  use  of  composite 
materials.  If  all  the  goals.  Including  lower  noise  end  vibration  levels,  are  Indeed 
attained  by  these  blades,  BERP  blades  should  be  on  all  hallcoptars  within  5  years. 


4.4.  VIBRATION 

The  world  according  to  HARP:  tne  present  high  levels  of  vibration  have  a  more  or  less 
serious  effect  on  instrunents  and  equipment  on  board  helicopters  and  are  a  major  source  of 
fatigue  damage  to  structures  and  components. 

Eliminating  vibrations  means  re&jced  fatigue  failures  and  improved  crew  and  passenger 
cumfort. 

Ways  to  improve: 

-  exchange  of  available  knowledge  among  manufacturers  and  operators; 

-  vibration  axxutoring; 

-  better  devices  (the  Wastland  vibration  absorber  for  example  should  replace  Sikorsky's 
bifllars  if  it's  better  and  saves  weight); 

-  better  blade  adjustment  procedures. 


4.5.  AVIONICS 

KLM  Hslikopters  is  content  with  current  EFIS  developments  in  terns  of  display  format, 
redundancy,  reliability  and  maintenance.  Such  improvements  however  do  not  outweigh  a  70 
lb*  weight  disadvantage  as  compared  to  conventional  electro-mechanical  instruments.  As 
soon  as  the  next  generation  arrives,  with  flat  plate  image  and  no  additional  coolers 
required,  we  intend  to  replace  conventional  instruments. 


4.6.  FLIGHT  DATA  AND  COCKPIT  VOICE  RECORDERS 

Aside  from  health  and  usage  monitoring  systems  Flight  Oeta  Recorders  should  receive  more 
attention. 

Why  are  current  recorders  so  heavy? 

They  should  be  litfit  and  low-cost  in  order  to  eneble  operators  to  install  one  in  every 
helicopter.  The  additional  facts  about  accidents  acquired  in  such  a  manner  will  contribute 
ixmensely  to  a  better  accident  rate  and  prevent  a  great  deal  or  money  spent  on 
investigations.  There  are  numerous  examples,  seme  of  th*m  quite  recent,  to  support  these 
views. 
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4.7.  OESIIW  PHILOSOPHY 

Designing  •  ns*  helicopter  1*  not  what  it  used  to  be. 

Requirements  ara  tourer.  Systems  arc  iota  compimx. 

The  wanuf  act  urn's  organisation  Is  non  eonplax  and  restrictive,  especially  when  the 
deelpi  la  a  Joint  effort  with  another  company.  New  helicopters  ara  not  built  ovary  3  years 
anpnre  but  every  10  years,  which  doesn't  leave  such  roue  to  build  ip  experience. 

A  designer  nowadays  has  to  be  cost -conscious;  ha  also  has  to  know  what  dess  pa  tolerance  Is 
and  which  kind  of  now  aateriala  are  available.  Hie  aaln  friend  1s  a  mainframe,  that 
enables  hie  to  calculate  eonplax  loads  and  accurate  dimension*,  but  doesn't  toll  hla 
anything  about  ease  of  Inspection  or  tha  dangers  of  Murphy's  law,  and  the  operator's 
hangar  sees*  farther  away  from  the  designer's  office  than  aver  before.  Is  It  really  a 
surprise  that  29*  of  accidents  free  airworthiness  causes  wet*  due  to  "sawill  but 
significant  parts"?  Technology  Is  advancing)  yet  for  all  intent*  and  purposes,  man  remains 
constant.  Nodam  equipamnt  not  only  often  exceed*  the  capabilities  of  the  military  or 
civil  user,  it  may  also  exceed  the  manufacturer' a  own  design  capability.  Engineering 
Judgement  sometimes  seems  to  be  going  out  of  style,  in  favour  of  "computerized  solutions"! 
The  elegance  of  simple  solutions  1*  often  overlooked. 

If  designers  would  themselves  have  to  operate  and  maintain  their  own  helicopters  we  would 
surely  see  much  Improvement.  They  should  make  much  more  fist'-  trips  to  operators,  while 
field  representatives  and  operators  should  be  allowed  a  much  blggar  input  in  the  early 
stages  of  the  design  process.  A  special  US  Army  program,  called  MANPfUNT 
(MWpower-PerfUome) -iNTagration) ,  ref.  6,  Is  based  on  a  new  design  philosophy. 

"It  makes  no  sense  to  design  a  system  to  operate  at  •  peek  or  plateau  that  cannot  be 
operated  or  supported  by  the  human",  whereas  the  past  philosophy  was  to  design  the 
uqulpaant/systeaw  and  then  sold  the  oneretor/meintalnere  to  fit  this  design. 

This  type  of  dseign  philosophy  has  in  ay  opinion  greatly  contributed  to  the  success  of 
automobiles.  If  it  works  there,  why  shouldn't  It  work  fnr  helicopters? 


4.8.  OEVELCJPHENT  TESTING 

HARP  says:  "not  all  residual  problems  or  defects  will  have  bean  eliminated  when  a 
helicopter  firat  enters  service.  Tha  proper  procedure  has  been  and  should  be  for  the 
manufacturers  and  the  individual  operators  to  cooperate  fully  to  eliminate  early  defects. 
Monitoring  "fleet  leading*  machines  is  an  increasingly  gsnsrsl  practice. 

More  accurately:  the  helicopter  operator  is  actually  performing  the  certification  Ivtmself; 
after  4  years  in  coameiclal  operation  you  know  where  tha  teal  problems  are.  Why  then  is  he 
net  equipped  as  a  flight  test  department  should  be:  with  TU^rt  data  recorders  from  the 
very  first  day  onwards;  with  pilots  that  an  instructed  to  behave  and  respond  ts  tes.t 
pilots;  with  engineering  staff  instructed  to  interpnt  flight  date  and  handle  flight  dats 
reductions?  Thera  la  much  room  for  Improvement  in  the  area  of  commercial  development 
testing.  Lead-the-fleet  practices  (sending  back  components  for  detailed  Inspection)  is 
Just  part  of  the  solution. 


5.  CONCLUDING  REMARKS 

1.  The  authors  of  ref.  7  voice  a  typical  manufacturer's  point  of  view  as  they  conclude  that 
today's  performance,  comfort,  reliability  and  predictability  an  of  such  order  that  was 
only  dreamed  of  in  1943.  Lowering  purchase  prices  and  operating  costs  however  has  not  been 
possible. 

Today,  in  1988,  civil  operators  still  find  themselves  dreaming;  dreaming  or  product 
improvements  that  are  absolutely  essential  for  the  development  of  the  commercial 
helicopter  industry. 

If  helicopters  an  to  extend  their  operations  into  areas  wtiere  they  can  compete  with  fixed 
wing  aircraft,  and,  even  more  so,  local  ground  transportation  (taxi,  bus  and  train)  their 
inherent  safety  and  passenger  facilities  and  comfort,  noise  and  vibration  levels  must  be 
improvea,  ss  well  ss  their  costs. 

Why  doesn't  every  small  city  have  its  own  busy  heliport  like  it  has  a  railway  station? 
Because  the  right  helicopter  is  not  svailable  yet. 

My  question  is:  can  manufacturers  make  it  available  before  the  turn  of  the  century? 

Figure  12  lists  tha  type  of  improvement  that  is  needed  for  the  current  and  next 
generations  of  commercial  helicopters.  Perhaps  a  new  design  revolution  is  required.  If  it 
doesn't  happen  the  civil  helicopter  industry  is  destined  to  rise  with  the  offshore  energy 
industry  and  to  go  down  with  it,  as  it  is  doing  now  in  a  7  year-cycle.  If  you  hadn't 
noticed:  tha  trend  is  downward  at  the  moment, 

2.  The  last  Flight  Mechanics  Panel  Symposium  devoted  to  rotorcraft  design  was  held  in  1977  et 

NASA-Aaes. 

The  tachnicel  evaluation  for  that  meeting  (AGARD-AR-114)  expressed  concern  thet  military 
and  civil  helicopter  developments  are  drifting  apart  in  design  features  and  specific 
recomwendations.  This  is  exactly  right,  maybe  in  1986  this  concern  should  even  be  greater 
than  in  1T77.  We  have  seen  the  entry  of  a  splendid  utility  Black  Hawk  with  high  production 
levels  (low  purchase  price)  and  many  new  features  rendered  useless  to  the  casmerci.il  world 
due  to  specific  military  requirements.  We  are  seeing  a  splendid  new  EH101  with  many 
desired  improvements,  that  may  very  veil  be  too  big  and  too  expensive  for  commercial  use 
due  to  its  shear  size  due  to  military  (ASW)  requirements. 


Sow  people  Might  conduct*  that  th*  two  user*  art  nut  to  far  apart  at  wat  feered,  b«cautt 
torn  civil  vtraiont  of  Military  halicaptara  and  Military  versions  of  civil  halicopttr* 
havt  tntarad  th*  Market  tine*  1977.  Such  a  cone  Union  it  wrong:  th*  manufacturers  and 
operator*  tiaply  hay*  no  choice  and  there  are  no  successes  to  be  recorded.  Me  can  only 
hop*  that  in  future  design  effort*  Manufacturers  will  bring  together  oesic  Military  and 
civil  requirsmsritt  at  early  sieges  of  the  dssign  protest)  at  EH  Industries  has  been  trying 
to  dc  with  th*  DU01 . 
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Figure  3.  Payload  •  Range  eomparUlon  S61,  S70C,  EH101 
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Figure  9.  Example  of  technical  availability  losses 
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HGM  MM 

8000  -  15000  lbs  15000  -  32000  lbs 

DfKWOeNT  GOALS 

FIR5T  GBCRATION  (entry  <60  -  ’75) 

S58T  S61N 

Bell  212  A333Q  PUM 

not  much 

SECOND  GENERATION  (entry  '75  -  >90) 

Bell  222  Bell  214  ST 

SA365C/N  AS332L  Super  PUM 

S76A,  B,  etc.  (S70C) 

Bell  412SP 

Westland  50 

-  better /uprated  engines 

-  Increased  nutber  of  blades 
(Bell:  2  to  4;  Westland:  4  to  5) 

-  composite  rotor  head 

-  composite  Fenestron 
•  BERP  blades 

-  Westland  vibration  absorber  and 
other  devices 

-  EFIS  without  weitfit  penalty 

-  first  step  health  monitoring 

-  increased  TBO' s/life  limits 

-  engine  FADEC 

-  4-axis  autopilot  systems  with 
proper  Flight  Director 

-  pilot  seat 

-  de-icing 

-  MlS 

THIRD  GENERATION  (entry  beyond  >90) 

all  of  the  above  plus: 

Civil  utility  A129?  EH101 

modified  S7CC7 

LHX  civil  spin  off? 

Super  Super  Puma? 

civil  NH90? 

civil  tilt  rotor? 

-  better  payload-range 

-  composite  fuselage 

-  batter  QEI  performance 

-  lower  purchase  price 

(SOU  of  second  generation) 

-  one  or  less  maintenance 
manhours  per  flight  hour 

-  fixed  wing  safety  level 

-  98*  availability 

-  0-05  ips  vibration 

-  80  db  internal  noise 

-  85  EPNdB  fly-ovamoise 

(less  for  smaller  helicopters) 

-  150  kts  normal  cruise  speed 

FIGURE  12  TjfEE  GDCRATIQKS  OF  CFFSHURE  HELICOPTERS  8000  -  32000  Xbj  MOW 
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SUMMARY 

The  increasing  demands  on  and  the  complexity  of  future  highly  augmented  rotorcraft 
call  for  extensive  simulation  activities  in  the  field  of  flying  qualities  utilising 
operational  helicopters,  ground-based,  and  in-flight  simulators.  If  both,  variable  system 
characteristics  and  high  realism  of  pilot/helicopter  situations  are  required  in-flight 
simulators  demonstrate  definite  advantages. 

The  key  contributions  of  in-flight  simulators  in  the  fields  of  rotorcraft  system  and 
subsystem  design  and  for  establishment  cf  handling  qualities  criteria  are  discussed  on 
the  basis  of  DFVLR  experience  and  activities.  By  presentation  and  discussion  of  recent 
results  achieved  with  the  in-flight  simulator  ATTHeS,  operated  by  DFVLR,  the  potential  of 
this  research  vehicle  in  particular  and  of  advanced  rotorcraft  in-flight  simulators  in 
general  is  demonstrated  with  respect  to  design  and  development  of  future  helicopter  sys¬ 
tems  . 


1.  INTRODUCTION 

New  missions  for  civil  and  military  rotorcraft  lead  to  increasingly  higher  require¬ 
ments  in  the  field  of  flying  qualities.  These  demands  on  and  the  complexity  of  future 
rotorcraft  call  for  extensive  simulation  activities  during  the  execution  of  development 
and  research  programs. 

The  simulation  methods  and  facilities  available  for  flying  qualities  investigations 
include 

(1)  theoretical  studies  and  analytical  computer  simulations  UBing  large  scale  com¬ 
puters  in  non  real-time  applications, 

(2)  experimental  research  and  system  development  with  scaled  models  in  wind  tunnels, 

(3)  real-time  ground  based  simulation  with  the  pilot  in  the  loop, 

(4)  airborne  simulation  using  variable  stability  and  control  aircraft  in  operational 
environment ,  and 

(5)  flight  tasting  with  prototypes  or  operational  rotorcraft. 


None  of  these  research  and  development  toolB  can  be  omitted  because  of  the  different 
tasks  and  objectives  of  the  programs  as  well  as  the  inherent  advantages  and  disadvantages 
of  the  specific  methods  and  facilities  (Refs.  1,  2).  For  in-flight  simulation  a  unique 
role  complementary  to  all  other  simulation  methods  is  seen  and  will  be  demonstrated  in 
this  papor  in  the  light  of  relevant  DFVLR  experience  and  activities. 

During  a  development  program  objective  procedures  are  required  to  validate  the 
design  parameters  as  early  as  possible  and  to  answer  the  question  wether  the  rotorcraft 
system  design  meets  all  flying  qualities  specifications.  In  order  to  fulfill  these  needs 
of  system  evaluation  most  realistically ,  in-flight  simulation  is  the  ultimate  assessment 
method  providing  high  realism  and  credibility  but  much  lower  cost  and  complexity  than 
prototype  flight  testing,  as  shown  in  Figure  1.  The  main  objectives  of  in-flight  simula¬ 
tor  utilisation  in  this  respect  are 

(1)  reduced  development  costs  and  risks, 

(2)  control  software  validation,  and 

(3)  enhanced  pilot-in-the-loop  acceptance  testing. 


5  Complementary  to  Figure  1,  the  role  of  in-flight  simulation  for  the  establishment  of 

handling  qualities  criteria  is  demonstrated  in  Figure  2.  In  such  a  research  program  high 
■  realism  is  also  required,  of  course,  but  in  addition  the  flexibility  is  of  decisive  con- 

r  sequence.  In-flight  simulation  offers  much  higher  flexibility  than  operational  rotorcraft 

p  or  prototype  flight  testing,  allowing  ths  generation  of  a  generic  flying  qualities  data 

fe'  base  covering  a  broad  spectrum  of  dynamic  rotorcraft  characteristics  (Ref.  3). 
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The  benefit*  of  in-flight  aimuletore  over  ground-beeed  simulators  include  perfect 
motion  end  visual  perception  and  the  realiatic  impact  of  truly  flying  a  helicopter.  Ex¬ 
perience  haa  shown  that  lack  of  complete  motion  and  visual  cues  in  ground-based  simula¬ 
tions  sometimes  tend*  to  limit  rapid  control  actions  necessary  for  high-workload  manoeu- 
vering  (Ref a.  4,  S). 

In  this  paper  the  utilisation  of  DFVLR's  helicopter  in-flight  simulator  ATTHeS 
(Advanced  Technology  Testing  Helicopter  Eystem)  for  rotorcraft  system 
and  subsystem  design  as  well  as  for  the  establishment  of  rotorcraft  flying  qualities 
criteria  will  be  presented,  demonstrating  the  high  potential  of  advanced  in-flight  simu¬ 
lators  for  design  and  davalopmsnt  of  future  helicopter  systems. 


2.  IN-FLIQHT  SIMULATOR  ATTHeS 

Since  1982  the  research  helicopter  BO  10S-S3  is  operated  at  DFVLR-Braunechwaig 
(Figure  3).  The  helicopter  provides  a  fly-by-wire  flight  control  system  and  was  recently 
completed  to  become  the  in-flight  simulator  ATTHeS. 

Basic  System 

The  basic  research  helicopter  BO  105-S3  corresponds,  in  all  essential  components  to 
the  aerial  helicopter  MBB  BO  105  with  the  exception  of  the  control  system.  The  modified 
system  requires  a  two-man  crew  consisting  of  a  safety  and  an  evaluation  pilot  for 
simulation  flights-  The  safety  pilot,  who  occupies  the  left-hand  back  seat,  is  provided 
with  a  direct  link  to  the  primary  helicopter  controls  through  the  standard  mechanical/hy¬ 
draulic  control  system.  The  evaluation  pilot,  saated  in  the  center  in  front  of  the  cock¬ 
pit,  has  either  conventional  or  sida-atick  controllers  which  are  electrically  linked  to 
the  helicopter  controls.  A  simplified  schematic  diagram  of  the  control  system  la  shown  in 
Figure  4.  The  fly-by-wire  system  is  a  full-authority,  simplex  system  (Ref.  6). 

The  helicopter  can  be  flown  in  three  modes i  (1)  the  fly-by-wire  disengaged  mode, 
where  the  safety  pilot  haa  exclusive  control,  (2)  the  fly-by-wire  lil  mode,  where  the 
evaluation  pilot  drives  the  control  system,  and  (3)  the  fly-by-wire  simulation  mode, 
where  additional  control  signals  are  generated  by  an  on-board  computer  realising  specific 
control  laws  for  the  simulation  pilot. 

When  the  simulation  pilot  station  is  engaged,  the  actuators  operate  in  an  electrohy- 
draulic  mode  with  mechanical  feedback  to  the  safety  pilot's  controllers.  The  safety  pilot 
can  override  the  fly-by-wire  system  by  applying  a  specific  force  to  the  appropriate  con¬ 
troller.  In  addition,  the  system  can  be  disengaged  by  both,  the  simulation  pilot  or  the 
safety  pilot  and  by  an  automatic  safety  system  using  pre-set  limitations  in  selected 
sensor  signals. 

Model-Following  Control  System  (MFCS) 

For  realisation  of  variable  stability  and  control  characteristics  a  model-following 
control  system  for  the  research  helicopter  BO  105-S3  was  designed  (Ref.  7).  This  helicop¬ 
ter,  using  a  hingeless  rotor  system,  is  especially  suitable  for  an  in-flight  simulator 
with  respect  to  the  high  control  power  available.  However,  the  inherent  interaxis  cou¬ 
plings,  the  strong  nonlinearities  and  existing  uncertainties  in  the  system  parameters 
require  a  level  of  performance  from  the  variable  stability  system  that  is  difficult  to  be 
achieved . 

In  general,  control  of  the  dynamic  response  characteristics  is  accomplished  using 
either  response  feedback  and  feedforward  techniques,  or  model-following  control  systems. 
The  comparison  of  both  techniques  demonstrates  essential  advantages  for  the  MFCS,  parti¬ 
cularly  due  to  the  capability  to  suppress  real  turbulence  including  wind-shears  without 
maneuver  response  (Ref.  8).  In  addition,  an  MFCS  is  very  flexible  and  allows  quick  and 
easy  adaptation  to  helicopters  with  different  dynamic  characteristics. 

In  a  typical  MFCS  the  pilot's  commands  are  disconnected  from  the  actual  aircraft  and 
fed  into  a  model.  This  model  represents  the  dynamic  equations  of  motion  of  the  aircraft 
to  be  simulated.  The  errors  between  the  response  of  the  model  and  those  of  the  host  air¬ 
craft  are  fed  into  the  control  system,  which  attempts  to  minimise  the  state  errors  by 
generating  control  signals  for  the  actuators.  If  the  state  errors  are  always  sero,  the 
controlled  vehicle  exhibits  the  dynamic  characteristics  of  the  model . 

The  structure  of  the  MFCS  is  shown  in  Figure  5.  In  addition  to  the  feedback  control 
loop,  a  feedforward  control  loop  is  installed  to  accelerate  the  host  helicopter  response 
and  to  reduce  the  necessary  feedback  control  gains. 

In  order  to  evaluate  the  performance  and  limitations  of  the  MFCS  end  to  qualify  the 
system  for  use  in  helicopter  flight  research,  a  U.S. /German  simulation  experiment  was 
conducted  on  a  ground-based  simulator  at  NASA  Ames  Research  Center.  This  joint  research 
program  was  part  of  the  U.S.  Arir.y/DFVLR  activities  under  the  U.S. /German  Memorandum  of 
Understanding  on  Helicopter  Flight  Control. 

NFCS-Realisation 

In  order  to  provide  the  computer  capacity  necessary  for  completion  of  the  different 
functions,  the  MFCS  is  realised  with  a  multi-computer  system  using  four  PDP-type  compu¬ 
ters,  as  shown  in  Figure  6  (Ref.  9). 
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The  mathematical  medal  to  be  followed  and  the  control  lawn  of  the  MFCS  are  imple¬ 
mented  in  the  Data  Control  Computer .  In  addition,  thia  main  computer  accompliehea  the 
communication  between  all  computers,  the  handling  of  the  aenaor  inputs  and  the  controlled 
outputs  to  the  fly-oy-wire  actuators,  the  calibration  of  the  seneor  signals  using  off¬ 
line  data,  and  thtf  transformation  to  engineering  units.  For  signals,  which  cannot  be 
measured  directly,  the  main  computer  incorporatea  transformations  and  state  observers. 
The  Data  Control  Computer  is  connected  to  a  mini-tape  recorder  for  reading  specific 
flight  teat  parameters  and  recording  system  parameter  changes. 

The  sensor  data  are  processed  by  the  Data  Acquisition  System  providing  programmable 
gains,  offsets  and  cut-off  frequencies  of  six-pole  Bessel  filters.  Then  these  data  are 
used  as  input  for  the  Data  Control  Computer  as  well  as  for  PCM  data  transfer  to  a  mobile 
ground  station  providing  quick-look  analysis  for  the  flight  test  engineer. 

The  communication  between  the  simulation  pilot  and  the  on-board  computer  system  is 
accomplished  by  the  Pilot  Communication  Computer.  By  operating  a  numerical  keyboard 
in  combination  with  a  cockpit  display  using  menu-techniques  the  simulation  pilot  is  able 
to  select  and  to  initiate  different  functions  of  the  control  system. 

The  data  from  the  Data  Control  Computer  are  transferred  to  the  Data  Recording 

Computer  which  is  connected  to  a  floppy-disk  drive,  where  all  helicopter  and  control 

system  states  are  recorded  during  the  flight  test  runs. 

The  Ground  Simulation  Computer  enables  a  real-time  ground  simulation  by  simula¬ 
ting  the  actuators,  the  rigid-body  dynamics  of  the  helicopter  and  the  Data  Acquisition 

System  of  ATTHeS.  The  Ground  Simulation  Computer  can  be  engaged  simply  by  plugging  a 
contact  into  the  front  panel  allowing  to  test  the  total  software  for  the  in-flight  simu¬ 
lation  in  a  ground  simulation  run. 

System  Performance 

To  demonstrate  the  performance  of  ATTHeS  and  MFCS  different  existing  helicopters 
were  simulated  in  flight,  including  a  SA  330  Puma  helicopter  as  well  as  a  UH-60  Black 
Hawk.  Figure  7  shews  time  histories  of  the  input  signals  and  the  response  of  the  UH-60 
model  compared  with  the  measured  response  of  the  in-flight  simulator.  The  good  curve  fit 
between  commanded  states  and  real  helicopter  states  demonstrates  the  capability  of  ATTHeS 
as  an  in-flight  simulator. 

Depending  on  the  characteristics  of  the  basic  helicopter,  of  the  equipment  install¬ 
ed,  and  of  the  operational  conditions  the  capabilities  of  in-flight  simulators  are  limit¬ 
ed,  of  course.  The  exact  knowledge  of  these  limits  is  assumed  to  be  essential  prerequisi¬ 
tes  for  conducting  successful  flight  test  programs. 

Due  to  different  factors,  e.g.  model  bandwidth,  sample  time  of  the  control  system 
etc.,  it  is  not  possible  to  realise  the  exact  dynamic  model  characteristics  with  the 
in-flight  simulator.  Therefore,  quantitative  analysis  is  required  to  estimate  and  evalu¬ 
ate  the  actual  simulation  performance  with  regard  to  the  specific  test  progams. 

Because  only  four  controls  are  normally  available  in  a  helicopter,  the  motion  can  be 
independently  controlled  only  in  4  degrees  of  freedom.  The  realisation  of  a  6  DOF  heli¬ 
copter  in-flight  simulator  requires  additional  longitudinal  and  lateral  force-generating 
capabilities.  The  limitations  arising  from  this  point  influence  the  longitudinal  and 
lateral  translational  motions  and,  in  addition,  the  turbulence  response  characteristics 
of  the  simulator. 

Severe  restrictions  in  the  flight  envelope  may  be  raised  by  flight  safety  aspects. 
In  general,  it  will  be  inadmissible  and  has  to  be  avoided  to  operate  extremely  close  to 
the  ground  using  a  simplex  fly-by-wire  control  system  only.  The  reasons  for  thia  are,  of 
course,  the  lack  of  redundancy  in  case  of  failures  in  the  system,  but  in  addition,  the 
impairment  of  the  evaluation  pilot's  behavior  by  his  knowledge  of  the  safety  critical 
situation.  By  means  of  dedicated  safety  pilot  training  programs  flight  safety  can  be 
improved  substantially.  This  includes  the  simulation  of  critical  system  failures  at  safe 
altitudes  and  the  subsequent  taking  over  of  the  controls  from  the  evaluation  pilot  by  the 
safety  pilot  for  helicopter  state  recovery.  In  this  respect,  the  safety  features  incor¬ 
porated  in  the  in-flight  simulator  are  of  decisive  consequence.  Very  essential  devices 
used  in  the  ATTHeS  in-flight  simulator  are, 

(1)  an  automatic  safety  trip  that  disengages  the  fly-by-wire  system  if  a  system 
failure  occurs  or  if  a  sensor  measurement  exceeds  a  level  corresponding  to  a 
structural  or  flight  condition  limit, 

(2)  a  control  monitoring  system  which  aids  the  safety  pilot  in  diagnosing  a  failure 
status.  In  addition,  the  safety  pilot  is  involved  in  the  flight  test  program 
vary  early  in  order  to  improve  his  test  specific  monitoring  capabilities. 

Up  to  now  the  ATTHeS  in-flight  simulator  was  used  in  different  test  programs,  us 
shown  in  Figure  8,  representing  approximately  300  flight  hours.  These  flight  tests  in¬ 
clude  the  development  and  update  of  the  systems  as  well  as  applications  in  handling 
qualities  studies. 

In  order  to  further  improve  the  in-flight  simulation  capability  the  realisation  of 
an  operational  in-flight  simulator  HESTOR  on  the  basis  of  the  helicopter  BK  117  is 


planned  by  DPVLR  and  MSB.  Tha  application  of  this  syr cam  it  mainly  intandad  for  research 
actlyitiaa  and  for  tasks  in  tha  araa  of  development,  tatting,  and  integration  of  new 
tachnologiea  with  regard  to  daaign,  development  and  certification  of  future  rotorcraft. 


3.  ATTHeS  UTILIZATION  POX  ROTOXCXAPT  ZTXTXH  AND  SUBS  TXT  Bl  DBA  ION 

Tha  azpanaion  of  tha  role  of  rotorcraft  conatraina  the  application  of  new  key  tech¬ 
nologies  like 

a  digital  alactronica  and  avionica, 
a  active  control  ayatama,  and 
a  related  software  technology 

in  the  daaign  of  future  rotorcraft  in  ordar  to  optimise  the  pilot-helicopter  ayatem  with 
regard  to 

e  ayatam-performanca  and  operation, 
e  deaign-facilitation  and  flexibility,  and 
a  development  and  operational  coat  reduction. 

In  turn,  tha  innovative  potential  of  theae  kay  tachnologiea  are  causing  increasing 
concern  with  respect  to  the 

e  helicopter  system  complexity,  and 

a  flight  critical  behavior  with  regard  to  extreme  flight  regimes  and  subsystem  fail¬ 
ures  . 

.  Therefore,  a  well  balanced  compromise  has  to  be  found  between  the  specified  miaaion 
performance,  the  pilot  workload,  and  the  costs,  addressing  all  flight  configurations 
under  normal  operational  conditions  as  well  as  in  failure  situations. 

The  , conceptions 1  design  of  the  overall  helicopter  system  with  respect  to  flying 
qualities'  han  to  taka  into  consideration  the  characteristics  of  the  individual  sub¬ 
systems,  the  integration  of  the  subsystems  and  the  influences  on  the  overall  helicopter 
system  performance  evaluation.  These  subsystems  include  the 

a  basic  helicopter  with  its  inherent  stability  and  control  characteristics, 

e  flight  control  augmentation  systems, 

a  pilot  information  systems, 

•  controllers,  and 

a  operational  equ’-'ment. 

Especially  fo-  evaluation  of  the  applicability  and  effective ty  of  new  technolo¬ 
gies  for  specific  subsystems,  their  influences  on  the  overall  system,  and  their  integra¬ 
tion  problems  the  in-flight  simulation  offers  a  unique  potential  for  utilisation  during 
the  design,  development  and  certification  process  (Ref.  10).  This  capability  will  support 
industry  to  meet  the  demands  for  future  rotorcraft  systems  and  to  reduce  costs  and  risks 
of  development  programs. 

Kay  contributions  are  expected  in  the  following  fields i 
e  basic  design  parameter  investigation, 

•  pie-production  design  verification, 
e  flight  control  system  development, 
e  hardware  in-flight  test- J - 

e  simulat  i  ci  syutem  f  >  ■  •  states, 

e  pre-first-f light  pilot  training,  and 
e  support  during  certification  procedure. 

The  capability  of  the  ATTHeS  in-flight  simulator  in  this  regard  has  been  demon¬ 
strated  in  different  research  pro’-T.ms  including  the 

-  Implementation  of  mathen”  helicoptar  models  representing  a  broad  variety  of 

eaeential  design  paramo4  .•  me  shown  before), 

-  reelisation  of  full-authority  flight  control  systems  end  autopilots  including  the 
MFCS  ea  a  robust  adaptive  feedback  co'.croller,  and 
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-  realization  of  specific  control-raaponaa  ayatama . 

Aa  an  example,  Figure  9  show*  the  implementation  of  an  attltuda  command  (AC)-atti- 
tuda  hold  (AH)  raaponaa  ayatam  for  tha  roll  axia  Including  decoupling  of  roll  and  pitch 
motion.  The  frequency  raaponaa  aa  well  an  tha  time  hlatoriea  measured  during  flight  testa 
demonstrate  the  accuracy  of  the  in-flight  simulation  with  reapect  to  tha  responoe  system 
model . 

Additional  response  systems  realised  and  tested  with  ATTHeS  include  turn  coordina¬ 
tion  for  tie  pedals,  rate  of  climb  response  for  the  collective  controller,  rate  command 
(RC),  rate  conmand  (RC)-attitude  hold  (AH),  and  attitude  command  (AC)  for  the  stick  con¬ 
troller. 

For  future  utilization  of  the  in-flight  simulation  facility  with  respect  to  techno¬ 
logy  evaluation,  the  integration  of  a  side-stick  controller  is  under  development,  pro¬ 
viding  a  broad  variability  in  controller  modes.  In  addition,  a  programmable  pilot  display 
system  will  be  integrated.  Further  test  programs  will  cover  especially  transients  in 
failure  situations  as  an  essential  aspect  for  application  and  certification  of  new  tech¬ 
nologies  . 


4.  ATTHeS  UTILISATION  FOR  ROTORCRAFT  HANDLING  QUALITIES  CRITERIA 

The  existing  handling  qualities  criteria,  especially  for  military  applications,  are 
no  longer  suitable  as  a  design  guideline  and  for  tha  evaluation  of  new  helicopter  pro¬ 
jects.  Therefore,  the  U.S.  Army  initiated  a  program  with  the  objective  to  develop  new 
mission-oriented  criteria,  addressing  the  aspects  of  the  expanded  role  of  helicopters  and 
the  application  of  new  technologies  (Ref.  11). 

Experience  in  previous  efforts  to  revise  the  handling  qualities  criteria  showed  that 
the  primary  handicap  to  developing  now  requirements  was  tha  lack  of  systematic  data  from 
which  new  criteria  could  be  defined  and  substantiated.  These  data  gaps  were  recognized 
also  during  the  ongoing  attempt  (Ref.  12).  In  order  to  expand  the  data  base  and  to  obtain 
generally  valid  results  systematic  testa  are  required  using  ground-based  simulators, 
operational  helicopters  and  especially  variable  stability  helicopters.  This  data  genera¬ 
tion  seems  to  be  both,  very  important  and  voluminous  requiring  the  cooperation  of  all 
institutions  having  relevant  experimental  capabilities  (Ref.  13). 

Key  contributions  to  be  made  by  in-flight  simulators  include  the  following. 

s  Control  system/display  relationship. 

Several  studies  have  shown  that  for  constant  pilot  workload  a  tradeoff  exists 
between  control  system  complexity  and  cockpit  display  sophistication.  In  other 
words,  this  hypothesis  pays  that  a  very  advanced  pilot  information  system  could 
compensate  for  a  degraded  flight  control  system  and  a  very  advanced  flight  control 
system  would  minimize  the  need  for  display  sophistication.  Together  with  the  con¬ 
sideration  of  cost,  which  normally  increases  with  complexity,  these  relationships 
seem  to  be  very  essential  for  the  design  of  future  helicopter  systems.  There  are 
many  and  good  arguments  for  the  general  validity  of  this  hypothesis  but,  there  are 
only  a  few  mission-oriented  flight  test  data  available  for  the  design  engineer  or 
for  the  development  of  generic  requirements  (Ref.  14). 

s  Control  response  characteristics. 

There  is  a  lack  of  data  for  specification  of  control  system  response  types  neces¬ 
sary  to  guarantee  Level  1  handling  qualities  for  specific  missions  in  different 
environmental  conditions.  For  possible  control  system  responses  the  required  para¬ 
meters  like  bandwidth,  time  delay,  damping  ratio,  controller  sensitivity  and  com¬ 
mand  gradient  have  to  be  defined  for  both,  centar-  and  side-stick  controllers. 

s  Cross-coupling. 

Control  and  vehicle  cross-coupling  characteristics  have  a  fundamental  influence  on 
pilot  workload  and  task  performance.  The  data  available  from  ground-based  simula¬ 
tion  programs  need  to  be  verified  using  flight-test  data.  In  addition,  new  data 
generated  in  realistic  operational  environment  are  necessary  for  specification  of 
requirements . 

s  Degraded  handling  qualities. 

An  important  aspect  of  the  development  of  new  criteria,  that  was  sometimes  over¬ 
looked  in  the  past,  is  tho  determination  of  boundaries  defining  minimum  acceptable 
standards  for  civil  criteria,  or  to  meet  Levels  2  and  3  of  military  flying  quality 
specifications.  Up  to  now  there  are  only  few  data  available  to  specify  limitations 
for  degraded  handling  qualities  following  failures  in  control  systems  and  vision 
aids.  In  addition,  the  transient  behavior  concerning  control  system  mode  switching 
and  failure  situations  is  of  decisive  consequence  for  sophisticated  control  sys¬ 
tems.  These  requirements  seem  to  be  vary  sensitive  to  the  operational  environment 
and  the  pilots'  capabilities.  Therefore,  tests  using  in-flight  simulators  are  re¬ 
quired  . 
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Because  of  these  shortcomings  on*  min  abjective  of  DFVLR  activities  is  to  sstablish 
a  data  bass  for  the  development  of  generic  criteria  and  for  the  support  of  specific  heli¬ 
copter  projects.  During  these  activities  operational  helicopters  have  bean  utilised  for 
the  assessment  of  mission  demands  and  for  derivation  of  representative  flight  test  tasks 
(Ref.  IS).  The  ATTHeS  in-flight  simulator  is  primarily  used  for  investigating  the  influ¬ 
ence  of  specific  parameters  representing  a  broad  variety  of  helicopter  characteristics, 
control  laws,  and  mission-dependent  equipment. 

A  test  program  specifically  planned  to  contribute  in  filling  the  data  gap  of  the  new 
helicopter  military  specifications  was  a  study  of  roll  response  required  in  nap-of-the- 
earth  slalom  flight  (Ref.  16).  In  these  teat  the  roll  damping  and  voll  sensitivity  of  the 
helicopter  were  varied  in  order  to  evaluate  the  dynamic  roll  characteristics  with  respect 
to  the  flight  task.  The  pitch  response  was  adapted  in  harmony  to  the  roll  behavior  and 
the  initial  coupling  response  of  the  basic  helicopter  was  changed  to  a  level  desired  by 
the  evaluation  pilots.  This  adaptation  of  the  off-axis  response  was  achieved  during  a 
pre-test,  using  ground-based  simulation  experience  as  well  as  pilot  evaluations  during 
flight  tests. 

In  Figure  10  the  evaluation  results  of  this  roll  control  study  are  summarised  and 
compared  with  previous  studies  and  criteria  from  the  specification  MIL-F-83300  (Ref.  17). 
These  data  were  generated  under  different  conditions  and  do  not  comply  directly  with  the 
agreasive  low  altitude  slalom  manoeuver  of  DFVLR  and  therefore  the  differences  underline 
the  task  dependence  of  the  results.  The  flying  qualities  level  boundaries  drawn  by  the 
DFVLR  data  require  higher  roll  damping-control  sensitivity  combinations  for  satisfactory 
handling  qualities  (Level  1)  in  the  low  altitude  slalom  than  KIL-F-83300.  The  teats  sug¬ 
gest  a  control  sensitivity  (1 of  1  to  2  rad/s2/inch  and  a  damping  (L_)  of  -4  to  -8  a  1 
for  Level  1.  Tho  recommended  JLevel  2  boundary  (acceptable)  is  close  *together  with  the 
Level  2  requirement  of  MIL-F-83300.  This  result  may  reflect  the  fact,  that  flight  test 
data  with  helicopters  having  inherent  high  roll  sensitivity  were  not  available  at  the 
time  of  MIL-F-83300  development. 

During  recent  activities  to  update  the  specification  MIL-H-8501  a  concept  for  high 
amplitude  roll  manoeuver  criteria  based  on  the  phase  plane  technique  was  proposed 
(Ref.  18).  The  required  task  performance  in  this  concept  is  described  by  the  commanded 
net  roll  angle  changes  and  the  corresponding  peak  roll  rates  during  these  manoeuvers. 
Figure  11  shows  tho  data  of  DFVLR  experiments  in  comparison  to  the  proposed  MIL-5-pec 
criteria.  These  criteria  are  based  on  test  data  produced  mainly  with  operational  helicop¬ 
ters  in  hover  tasks  and  adopted  for  forward  flight.  Areas  of  discrepancies  between  MIL- 
lavele  and  levels  drawn  by  DFVLR  data  can  be  recognised,  showing  that  the  MIL  requirement 
especially  for  Level  1  is  more  stringent  than  the  DFVLR  results. 

In  addition,  the  DF7LR  data  underline  the  fact  that  the  criteria  have  to  be  extended 
for  higher  bank  angle  changes.  In  this  region  the  data  show  a  saturation  of  peak  roll 
rata.  This  saturation  level  ie  clearly  dependent  on  the  flight  task,  which  has  been  de¬ 
monstrated  by  rucent  additional  tests  performing  so-called  figure  eight  manoeuvers - 

These  results  shew,  that  handling  qualities  investigations  having  the  objective  to 
establish  generic  criteria  require  flight  teat  data  produced  with  test  aircraft  having 
adequate  performance  and  covering  a  broad  area  of  aircraft  characteristics.  Otherwise, 
specific  phenomena  will  not  be  detected,  yielding  criteria  which  may  be  very  restrictive 
with  respect  to  the  application  of  new  technologies. 

An  additional  aspect,  supporting  the  statement  that  test  aircraft  need  to  have  ade¬ 
quate  performance  and  variable  characteristics  for  handling  qualities  tests,  is  illus¬ 
trated  in  Figure  12.  In  these  tests  side  step  manoeuvers  in  the  low  speed  region  were 
performed  using  a  operational  BO  10S  with  mechanical  control.  The  BO  10$  response  in  this 
condition  can  be  approximated  as  a  rate  response  system.  The  flight  test  data  support 
very  wall  the  proposed  Level  2  handling  qualities  but  no  Level  1  data  could  be  achieved. 
There  may  be  two  reasons  that  the  pilots  evaluated  the  105  helicopter  with  its  quick 
roll  response  (as  consented  by  the  pilots)  as  Level  2  lTSVdling  qualities!  (1)  the  high 
level  of  inherent  couplings  yields  high  pilot  workload  during  this  task,  (2)  a  rate 
response  may  not  be  adequate  for  high  amplitude  roll  manoeuvers  in  hover. 

Therefore,  operational  helicopters  although  adequate  with  respect  to  the  required 
task  performance  may  not  be  adequate  with  respect  to  the  generation  of  handling  qualities 
data  for  the  establishment  of  generic  criteria.  These  data  can  be  produced  only  by  test 
vehicles  having  in  addition  variabla  characteristics  with  regard  to  all  relevant  para¬ 
meters  . 

Further  utilisation  cf  ATTHeS  for  handling  qualities  evaluations  is  planned  for  the 
end  of  this  year.  The  objectives  of  these  tests  include  the  following  aspects  with  re¬ 
spect  to  slalom  and  side  step  manoeuvers i 

-  influence  of  rate  command  and  attitude  command  parameter  variations  and 

-  influence  of  interaxis  couplings. 

Both,  on-axis  rate  command  and  attitude  command  and  the  off-axis  coupling  response 
will  be  modelled  in  the  frequency  domain  in  order  to  investigate  the  required  gain  and 
the  dynamic  behavior. 


* 


♦ 


i 


* 


\ 


* 


1 


4-7 


S.  CONCLUSION  AMD  RSC0tM9lDA?X0aS 

The  application  of  rotorcraft  in-flight  simulator*  to  support  new  halicoptar  designs 
has  incraasad  significantly  in  ths  past  savaral  yaars.  This  has  baan  asaociatad  with  the 
establishment  of  naw  flying  qualitias  criteria  reflecting  tha  expanded  role  of  helicop¬ 
ters  and  tha  application  of  naw  tachnologias. 

In  addition,  tha  support  of  that*  general -pur poo a  research  vehicles  during  halicop¬ 
tar  system  and  subsystem  design  process  has  baan  growing. 

In  this  paper  soma  recant  DFVI.R  activities  and  results  in  tha  field  of  rotorcraft 
in-flight  simulation  wars  presented  allowing  to  draw  tha  following  general  conclusions t 

a  General-purpose  in-flight  simulators  will  play  a  decisive  role  in  the  rotorcraft 
design,  evaluation,  development,  and  certification  process. 

e  Thu  capability  of  in-flight  simulators  will  support  industry  to  meet  the  demands 
for  future  rotorcraft  aystems  and  to  reduce  costs  and  risks  of  development  pro¬ 
grams  . 

a  For  the  generation  of  generic  flying  qualities  data  test  vehicles  providing  ade¬ 
quate  mission  performance  and  variable  characteristics  are  required. 

Near  future  activities  at  DFVLR  include  the  improvement  of  system  capabilities  of 
ATTHeS  by  implementation  of  additional  new  sensors,  prograrmable  cockpit  displays,  and 
variable  controller  characteristics. 

For  mid-term  programs  a  new  general-purpose  in-flight  simulator  HESTGR  is  envisaged 
by  Dl'VLR  and  MBB.  The  new  vehicle  will  cover  future  needs  of  rotorcraft  design  validation 
for  industry  and  serve  as  an  evaluation  tool  for  advanced  rotorcraft  system  and  subsystem 
acceptance  testing  for  users  and  authorities. 


6.  REFERENCES 

1.  Buhrman,  <1-,  "Future  Requirements  for  Airborne  Simulation",  AGARD-AR-1 8B ,  1984. 

2.  Anon.,  "V/STOL  Flight  Simulation",  NASA  TM-81156,  NASA  Ames  Research  Center,  Moffett 
Field,  Calif.  1979. 

3.  Gmelin,  B.,  Boviwer,  G.,  Hummes,  D. ,  “DFVLR  Helicopter  In-Flight  Simulator  for  Flying 
Quality  Research",  Vertica  Vol .  10,  No.  1,  1986. 

4.  Statler,  I.C.,  Key,  D.L.,  “Simulation  Requirements  for  Rotorcraft",  4th  European 
Rotorcraft  and  Powered  Lift  Aircraft  Forum,  Paper  No.  32,  Stress,  Italy  1978. 

5.  Reynolds,  P.A.,  "Simulation  for  Predicting  Flying  Qualities”,  AGARD-CP-333 ,  Paper 
No.  26,  Fort  Worth,  Texas  1982. 

6.  Attlfellner,  S.,  Rade,  rt.,  "BO  105  In-Flight  Simulator  for  Flight  Control  and  Guid- 
dance  Systems",  1st  European  Rotorcraft  and  Powered  Lift  Aircraft  Forum, 
Southampton,  U.K.  1975. 

7.  Hilbert,  K.B.,  Bouwer,  G.,  "The  Design  of  a  Model-Following  Control  System  for  Heli¬ 
copters,"  AIAA  Guidance  and  Control  Conference,  Seattle,  Wash.  1984. 

8.  Hindaon,  W.S.,  “Past  Applications  and  Future  Potential  of  Variable  Stability  Re¬ 
search  Helicopters",  NASA  CP-2219,  NASA  Ames  Research  Center,  Moffett  Field,  Calif. 
1982. 

9.  Bouwer,  0.,  Zdllner,  K. ,  "Realitation  and  Flight  Testing  of  a  Model  Following  Con¬ 
trol  System  for  Helicopters",  12th  European  Rotorcraft.  Forum,  Garmiech-Parten- 
kirchen,  FRG  1986. 

10.  Hindaon,  W.S.,  Hilbert,  K.B.,  Tucker,  G.E.,  Chen,  R.T.N.,  Fry,  E.B.,  "New  Capabili¬ 
ties  and  Recent  Research  Program*  of  the  NASA/Army  CH-47B  Variable-Stability  Heli¬ 
copter",  42nd  Annual  Forum  of  tha  American  Helicopter  Society,  Washington,  D.C. 
1986 . 

11.  Key,  D.L.,  "Th*  Statu*  of  Military  Helicopter  Handling  Qualities  Criteria",  AGARD- 
CP-333,  Fort  Worth,  Texas  1982. 

12.  Hoh,  R.H.,  Mitchell,  D.G.,  Ashkenas,  I.I..,  Aponso,  B. L.  ,  Ferguson,  S.W.,  Rosenthal, 
T.J.,  "Background  Information  and  User's  Guide  for  Proposed  Handling  Qualities  Re¬ 
quirements  for  Military  Rotorcraft",  STI  Technical  Report  No.  1194-3,  NASA  Ames 
Research  Center,  Moffett  Field.  Calif.  19B5. 

13.  A'Harrah,  R.C.,  "Improved  Flying  Qualities  thro  igh  Cooperation",  AGARD  Flight  Mech¬ 
anics  Panel,  Subcommitee  04,  1984. 


14.  Labacqe,  J.V.,  Xikan,  B.W. ,  "X  nigh  Investigation  of  Control.  Display  and  Quidanca 
Requirement  for  Dacalarating  Descanting  VTOL  Instrument  Transitions  Using  tha  X-22A 
Variable  Stability  Xlrcrafti  Vol.  t.  Technical  Oiacusaon  and  Results*,  Calspen  Re¬ 
port  HO.  XK-5334-F-1,  197S. 

15.  Pauadar,  H.-J. ,  Sandara.  K. ,  ’DFVLR  Plying  Qualities  Research  Using  Operational  He¬ 
licopters*,  Vartica  Vol.  10,  Ho.  1,  19fl6. 

16.  Pauadar,  H.-J.,  "X  Study  of  Roll  Response  Required  in  a  Low  Xltitude  Slalom  Task*, 
11th  European  Rotorcreft  Forum,  Paper  bo.  79,  London,  U.K.  1985. 

17.  Xnon- ,  ‘Flying  Qualities  of  Piloted  VSTOL  Xircraft",  HIL-F-83300,  1970. 

IS.  Heffley,  R.K.,  Bourne,  S.M.,  ’Helicopter  Handling  Requirements  Baaed  on  Xnalyeis  of 
Flight  Maneuvers*,  41st  Xnnual  Forum  of  the  American  Helicopter  Society,  Fort  Worth, 
Texas  1985. 


^  1  Mamory  Link 

—  Digital  Una 
4-  ■  Analogua  Lina 


O  D 

MINI -TAPE 


_ I 


JUZ. 


GROUND 

SIMULATION 

COMPUTER 


Figure  6.  Realization  of  ATTHeS  In-Flight  Simulator 


LONGITUDINAL  CYCLIC 


PITCH  ATTITUDE 


- ■■— ■  ■•  - - -  -gl - - -  IF  .  .  ,  ^ - 


LATERAL  CYCLIC 


-50 

COLLECTIVE 
4S- 
S| 


40  SO  s  AO 
Tima 


ROLL  ATTITUDE 


-401 

RATE  OP  CLIMB 
1000 
It  AnM 

‘1000 


40  SO  •  00 
Tim* 


- Pilot  Input 

- Actuator  Input 


Modol  fiaaponta  iUH-fcO) 
Maaaurad  Raaponaa 
( In  -  Flight  Simulation ) 


Figure  7.  Model.  Following  Control  System  Performance 


5-1 


INVESTIGATION  OF  VERTICAL  AXIS  HANDLING 
QUALITIES  FOR  HELICOPTER  HOVER  AND  NOE  FLIGHT* 

By 

S.W.  Balllie 
and 

J.M.  Morgan 

Flight  Researoh  Laboratory 
National  Aeronautical  Establishment 
National  Reaearoh  Counoll 
Ottawa,  Canada  K1A  0R6 


Summary 

The  preliminary  results  of  two  In-flight  simulation  programs  on  vertical  axis 
rotororaft  handling  qualities  are  presented.  The  parameters  Investigated  In  these  studies 
were  heave  damping,  Zu  thrust  to  weight  ratio,  T/W,  and  a  number  of  dynamic  engine 
governor/rotor  system  models.  Flight  tasks  included  hover,  hover  manoeuvring  and  nap  of 
the  earth  (NOE)  flight.  Evaluation  of  9  heave  damping,  thrust  to  weight  ratio  configu¬ 
rations  provides  the  basis  to  suggest  Level  1  Zw  and  T/W  boundary  values  of  -0.20  sec"' 
and  1.08  respectively.  These  boundaries  are  oompared  with  other  relevant  work  on  the 
topic.  The  engine  governor/rotor  system  evaluation  results  tend  to  disagree  with  handling 
qualities  predictions  based  on  a  vertloal  velocity  shaping  parameter  however  further 
Investigation  Is  required. 


Introduction 


l 

V 


Vertical  axis  handling  qualities  have  been  the  subject  of  numerous  research  programs.  As  early  as 
1962,  In  response  to  a  VTOL  handling  qualities  specification  program,  fixed-base  simulations  of  VTOL  tasks 
wsre  carried  out  to  determine  handling  qualities  requirements  for  height  control  (Gerde3  and  Welck,  1962). 
The  results  of  this  initial  study  suggested  an  optimum  height  control  sensitivity  range  of  .21  -  .37  g  In"1 
and  a  normal  flight  thrust  to  weight  ratio  (T/W)  limit  of  1.20.  This  work  also  pointed  out  the  importance 
of  aircraft  heave  damping  (Z^)  and  ground  effect. 

Further  ln-fllght  simulation  by  Kelly  et  al  (1967)  utilizing  the  NASA  CH -97  showed  that  the  T/W  limit 
Is  strongly  dependent  upon  the  evaluation  task.  For  a  takeoff-circuit- landing  task  the  minimum  T/W  for 
satisfactory  flying  qualities  was  placed  at  1.09  within  a  minimum  climb  capability  of  600  1‘t/mln  (3  m/sec). 
For  an  approach  task  alone,  however,  a  minimum  T/W  of  1.03  could  be  allowed,  provided  that  the  heave 
damping,  Zw,  was  greater  than  -0.25  sec-1. 

Both  of  these  studies  Indicated  the  strong  coupling  errect3  or  collective  (or  lift  control) 
sensitivity,  Z4  ,  heave  damping,  Zw,  and  overall  control  authority,  T/W.  They  also  showed,  not 
surprisingly,  that  task  selection,  and  the  Inherent  performance  requirements  for  that  task,  can 
significantly  arrect  any  resulting  parameter  limits. 

In  1979  Hoh  and  Ashkenas  summarized  the  available  data  base  for  VTOL  handling  qualities  and  the  data 
base  deficiencies  at  that  time.  Some  of  the  issues  raised  In  that  document  Include  requirements  to: 

1)  Establish  the  efreots  of  external  disturbances  In  longitudinal  and  lateral  axes  on  vertical  axis 
damping  requirements,  possibly  by  Increasing  longitudinal  and  lateral  stability  levels. 

2)  Isolate  the  effeots  of  vertloal  axis  damping  from  steady  state  climb  rate  due  to  collective 
Input,  (w/4c)ss. 


t 


i 

! 


and, 

3)  Investigate  the  effect  of  nonlinear  engine  response  on  handling  qualities. 

Renewed  emphasis  on  vertloal  axis  handling  qualities,  partially  In  response  to  the  U.S.  Military 

Speolf loatlon  8501 -Helicopter  Flying  Qualities  (Reference  9  &  5)  update  prograa  provides  a  strong  Impetus  to 
further  Investigate  the  issues  raised  In  these  earlier  research  programs. 

The  Flight  Research  Laboratory  of  the  National  Aeronautical  Establishment,  under  the  auspices  of  TTCP 
and  In  olose  cooperation  with  Systems  Technology  Inc.  and  the  d.S.  Army,  have  been  performing  helicopter 

handling  qualities  researoh  to  support  the  ongoing  8501  update.  The  overall  thrust  of  this  program  has  been 

to  provide  ln-fll3ht  simulation  validated  'anchor  points'  corresponding  to  models  used  in  fixed-  and  moving- 

base  simulator  researoh.  This  paper  will  deal  with  the  segment  of  the  Flight  Researoh  -  8501  program  whloh 

is  concerned  with  vertloal  axis  handling  qualities  and  will  attempt  to  resolve  the  Issues  raised  by  earlier 
studies  of  the  topic.  This  paper  will  describe  two  major  experiments,  one  dealing  with  required  heave 
damping  levels  In  the  environment  of  advanced  control  systems  and  the  seoond  dealing  with  the  Issues  of  T/W 
limits  and  the  effeots  of  non-linear  engine  governor/rotor  system  response.  The  paper  will  summarize  the 
procedures  and  results  of  the  first  experiment  (Reference  6)  and  will  then  discuss  the  preliminary  results 
of  The  second  experiment  whloh  Is  Just  drawing  to  a  close.  Both  or  the  experiments  have  counterpart 
programs  on  the  NA3A-Ames  VMS  (Vertical  Motion  Simulator)  and  some  researoh  In  this  area  is  also  being  done 

on  the  NASA-AMES  CH  97.  The  dlsoussion  of  results  here  will  be  made  In  the  context  of  these  other  two 

ongoing  programs. 

*Thls  researoh  was  partially  funded  by  the  Canadian  Department  of  National  Defense. 
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gxperltntal  Design 

Both  experiments  to  be  disousssd  hart  wtrt  oonduottd  on  tht  MAE  Boll  205  Airborno  Simulator 
(Roftrenott  7  and  Figure  2).  The  evaluation  pilot  station  was  fitted  with  conventional  controls  with  the 
characteristics  shown  in  Table  1.  As  with  all  other  in-flight  simulations  at  NAE,  the  safety  pilot  was 
responsible  for  all  systea  monitoring  and  overall  flight  sarety. 

The  oontrol  systems  used  in  this  experlaent  wre  all  evaluatad  in  an  earlier  Flight  Research  8501 
program  (Reference  8).  The  three  systems  used  were  Attitude  Cooaand/Attltude  Hold  (ACAH),  Rate 
Coaaand/Attltude  Hold  (RCAH),  and  Rate  Daaped  (RD)  in  pitch  and  roll  axes.  Eaoh1  was  designed  level  1  Cooper 
Harper  ratings  for  hover/manoeuvring  tasks  and  oontrol  sensitivities  were  optimized  by  evaluation  pilots  at 
the  onset  of  this  prograa.  A  block  diagram  of  three  systems  is  Included  as  Figure  2  and  eaoh  oontrol  system 
bandwidth  is  listed  in  Table  2. 


The  yaw  axis  oontrol  systea  was  a  Rate  Command  systea  for  all  three  pltoh  and  roll  systems  and 
incorporated  turn  coordination  and  heading  hold. 


The  vertloal  channel  was  implemented  using  one  of  two  different  approaches.  For  the  first  experiment) 
which  utilized  ACAH  or  RCAH  in  pltoh  and  roll,  the  vertloal  channel  modelling  was  an  augmentation  of  the 
original  Bell  205  dynamcls.  This  implementation,  shown  in  Figure  3,  incorporates  an  airoraft  vertical 
velocity  (w)  feodbaok  loop  to  alter  the  heave  damping  of  the  aircraft.  Modelled  to  first  order  as: 


the  effective  heave  damping  can  defined  as: 


w  eff 


do 


For  this  Implementation,  Kf  was  varied  to  obtain  Z  eff  values  of  -0.05,  -0.65  and  -1.25  per  seoond  in 
hovering  flight:  -0.50,  -0.80  and  -1.10  per  second  in  forward  flight  at  kO  knots  (20  m  sec"1):  and  -0.60, 
-1.10  and  -1.50  per  second  in  forward  flight  at  80  knots  (kO  m  sec"1).  For  hover  and  hover  manoeuvring 
tasks  Zgc  was  held  at  0.28  g  in"1.  Forward  flight  Z^  was  initially  also  held  at  0.28  g  in'1  and  later  was 
used  as  a  pilot  controllable  variable.  The  above  quoted  characteristics  were  calculated  by  hand  from  step 
collective  input  data  and  by  a  maximum  likelihood  parameter  estimation  package  (Reference  9). 


The  second  vertical  channel  model  implementation  was  used  in  conjunction  with  the  rate  damped  pltoh  and 
roll  control  system  in  the  scond  experiment.  As  depicted  in  Figure  k,  this  Implementation  is  a  model- 
following  type  in  which  Z  ,  T/W,  engine  governor  dynamics,  6  and  a,  rotor  inertia,  Ip,  and  colleetive/englne 
governor  feedforward  gain,  Go.  could  be  easily  varied.  Use  of  this  model  was  always  coupled  with  a  pilot 
adjustable  collective  sensitivity.  The  full  transfer  function  of  this  model  w(s)/Sc(s),  is  nonlinear  in 
rotor  rpm.  Making  small  nerturbatlon  assumptions,  and  assuming  perfect  model  following,  results  in  the 
simplified  transfer  function  of: 

Aw(a)  «i(W  *»i«W  *  W-^iVo 
diets)  '  M(SIp  -  g^  ”  2K286c)(s  *  Zw) 

where:  g.  -  - 2 - 

s1  ♦  2Eas  ♦  o’ 

Q,  6  are  steady  state  values 

M  *  aircraft  mass 

I  -  rotor  inertia 
r 

Kj  ,K2,h(  are  system  gains 

The  values  of  Z^,  T/W,  6,  a,  Ir  and  G2  used  In  this  experiment  -,-e  listed  in  Table  3. 

Experiment  1  -  Heave  Damping  Effects 

Utilizing  RCAH  or  ACAH  control  systems  in  pitch  and  roll  and  the  heave  damping  augmentation  scheme  In 
the  vertloal  channel,  evaluation  pilots  flew  the  hover/manoeuvring  course  depicted  in  Figure  5  and  a 
preliminary  nap  of  the  earth  (NOE)  course.  All  configurations,  thrse  Zw  levels  (-.05,  -.65  and  -1.25)  for 
eaoh  of  two  oontrol  systems  (ACAH  and  RCAH)  were  flown  a  minimum  of  three  times  prior  to  rating  via  the 
Cooper-Harper  scale  (Reference  10).  Pilot  comments  regarding  system  deficiencies,  pilot  compensation 
requirements,  performance  and  overall  controllability  were  solicited  and  used  to  guide  the  overall 
analysis. 

Hover  course  results  for  RCAH  and  ACAH  oontrol  systems,  shown  in  Figures  6  and  7,  demonstrate  the  same 
major  oharaoterlstlo.  The  aircraft  model  with  the  lowest  heave  damping,  -.05,  was  rated  as  possessing 
Level  2  flying  qualities  with  a  mean  rating  of  k.O  for  all  evaluations.  The  higher  heave  damping  value 
models  were  all  considered  Level  1  aircraft. 


The  HOE  results,  based  on  flying  the  aircraft  over  tees  and  clearings  in  a  forest  while  minimizing 
visual  exposure  (known  as  dolphin  flying),  were  marred  by  variable  weather  conditions  and  a  poor  sampling  of 
configurations.  While  the  Cooper-Harper  ratings  were  far  too  variable  for  analysis,  pilot  comments  did 
provide  good  Insight  into  the  overall  situation.  Flights  with  fixed  collective  sensitivity  (g  .28  g  in"1) 
resulted  in  the  low  heave  damping  oases  being  preferred  over  higher  damping  models.  This  phenomenon  was 
attributed  to  the  reduction  in  steady-state  climb  rate  Tor  a  given  collective  Input  when  heave  damping  is 
Increased  but  collective  sensitivity  is  kept  constant,  as  shown  in  Figure  8.  Later  flights,  where  the  pilot 
was  allowed  to  vary  collective  sensitivity,  showed  that  pilots  preferred  higher  heave  damping  values  when 
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steady-state  performance  was  not  compromised.  This  effeot  corresponds  to  the  collective  step  responses 
shown  in  Figure  9,  where  the  ratio  of  Z4_/Z „  is  kept  constant.  In  eaoh  flight  evalution,  pilot  selected 
ZfiQ tended  toward  the  oonstant  ZfiQ/Zw  ratio?  Pilot  ratings  during  a  later  phase  of  hover  course  evaluation 
when  collective  sensitivity  was  ‘pilot  selectable’  did  not  noticeably  differ  from  earlier  hover 
results. 

The  first  experiment  led  to  the  following  conclusions: 

1)  The  effeot  of  Z  on  helicopter  handling  qualities  is  less  dramatic  than  the  currently  proposed 
8501  update  suggests.  (It  proposes  a  Level  1  limit  of  -.25  sec-1  and  a  Level  2  limit  of  -.17 
see”1  for  all  mission  task  elements  other  than  dolphin  and  slalom  tasks.) 

2)  The  Zw  variation  induced  change  in  steady  state  rate  of  climb  per  inoh  of  collective  input  is  a 
strong  effeot  when  the  task  involves  significant  changes  in  rate  of  climbi  such  as  the  NOE  task 
considered  here.  Tasks  Involving  more  stabilization  in  the  vertical  axis  with  few  large  changes 
in  steady-state  climb  rate  are  unaf footed  by  this  same  ohange. 

Further  examination  of  this  initial  experiment  raised  the  following  questions: 

The  evaluation  were  flown  with  a  relatively  unrestricted  T/W.  Based  on  the  temperature  and 
airoraft  weight  a  T/W  on  the  order  of  1.3  was  not  unlikely.  Would  the  results  of  this  experiment 
be  valid  at  lower  T/W’ s?  What  was  the  overall  impact  of  T/W? 

Could  the  discrepancy  between  the  results  and  the  proposed  8501  heave  damping  limits  be.  due  to 
the  stabilization  level  in  pitch  and  roll  axes  provided  by  the  RCAH  or  ACAH  control  systems,  or 
were  the  8501  limits  just  too  conservative? 

Experiment  2  -  T/W,  Zw  and  Engine  Governor/Rotor  Dynamios 

To  provide  the  best  possible  evaluation  environment,  the  main  task  for  this  experiment  differed  from 
Experiment  1,  Located  in  a  marshy,  uninhabited  area,  the  new  nap  of  the  earth  course  (Figure  10  was  able  to 
incorporate  all  task  elements  of  both  courses  used  in  the  previous  experiment  except  for  the  landing  task. 
This  NOE  course  started  from  the  hover.  The  evaluation  pilot  then  accelerated  the  helicopter  to  HO  knots 
(20  ra/sec)  and,  while  maintaining  airspeed  to  within  5  knots  (2.5  m/sec),  ’dolphin*  flew  the  aircraft  over 
the  three  tree  lines  on  the  course.  A  rapid  deceleration  into  hover  follo.^d  and,  after  a  short  hover 
period,  the  pilot  flew  a  bob-up  to  acquire  and  sight  on  a  target.  The  pilot  was  r«qulred  to  have  the  target 
stabilized  in  the  aircraft  sight  for  2  seconds  and  to  be  in  visual  llne-of-sight  contact  with  the  target  for 
no  more  than  H  seconds.  After  the  descent  from  the  bob-up  the  evaluation  pilot  was  required  to  'pedal  turn* 
180  degrees,  rapidly  accelerate  to  H0  knots  and  return  to  the  start  point  following  the  same  dolphin  course 
outbound.  Landings  were  evaluated  separately  at  the  NRC  infield.  Each  configuration  was  flown  through  the 
course  a  minimum  of  three  times  or  was  landed  a  minimum  of  five  times  before  an  evaluation  form  was  filled 
out.  Variables  evaluated  In  this  experiment  were  heave  damping  (Zw),  thrust  to  weight  ratio  (T/W),  and 
engine  governor/ rotor  dynamics.  A  matrix  of  3  Zw  values  (-.65,  -.30,  -.05  sec-1)  and  3  T/W  values  (1.1, 
1.05,  1.03)  formed  a  majority  of  the  configurations  flown. 

The  thrust  to  weight  variable  was  incorporated  into  the  experiment  by  feeding  the  simulated  engine 
torque,  Qp ,  (Figure  H)  to  a  cockpit  gauge.  This  signal  was  conditioned  to  place  the  torque  required  for 
the  model  maximum  T/W  at  the  gauge  redline  for  each  T/W  selected.  Note  that  this  T/W  implementation  is  a 
steady-state  criteria,  not  an  unsteady  incremental  acceleration  criteria  as  specified  in  the  proposed  8501 
update.  Aside  from  an  easier  implementation,  this  steady-state  criteria  was  felt  to  be  the  more  rlevant 
parameter. 

Along  with  the  torque  gauge,  evaluation  pilots  were  given  an  aural  torque  oue.  At  5%  below  redline  an 
8  hz  beeper  commenced,  at  redline  the  beeper  changed  to  a  solid  tone*  Flight  requiring  torque  at  redline 
(solid  tone  audio),  either  momentarily  or  continuously,  was  considered  "adequate  performance  not  attainable’’ 
-  a  Level  3  Cooper  Harper  Rating. 

Five  engine  governor/ rotor  models  were  selected  for  evaluation  (Table  3).  These  models  ranged  from  a 
very  benign  system  quite  similar  to  the  original  Bell  205  system  (No.  0)  to  a  torque  overshoot  prone  model 
(No.  2),  to  a  very  slow  governor  response  system  (No.  6).  Some  sample  time  histories  of  these  models  are 
Included  as  Figure  11,  For  evaluations  interested  purely  in  T/W  and  Zw  effects,  mdoel  No.  0  was 
implemented.  The  other  dynamic  models  were  all  evaluated  at  T/W  ■  1.10  and  Zw  -  -65.  Som  combinations  of 
reduced  T/W,  reduced  Zw  and  engine  governor/rotor  dynamics  were  also  evaluated. 

Experiment  3  -  Preliminary  Results 

Preliminary  results  of  the  T/W,  Z  matrix  evaluation  (with  dynamios  model  No.  0)  are  shown  in  Flgue  12. 
Initial  screenings  of  the  subjeot  data  show  that: 

a)  The  bob-up  and  dolphin  tasks  consistently  appear  to  result  in  the  most  critical  handling 

qualities  ratings.  While  the  quickstop  ratings  also  appear  critical,  these  ratings  are  currently 
suspect  due  to  a  recently  round  modelling  error  when  the  aircraft  is  at  significant  pitch 

angles. 

b)  For  a  constant  Zw  of  -0.65,  a  T/W  value  or  1.10  results  in  a  Level  1  aircraft.  On  the  other 

hand  a  T/W  value  of  1.03  in  a  Level  3  aircraft  for  the  same  Zw  value.  Pilot  ooraments  went  from 

"marginal  peformanoe  in  the  bob-up”  to  "insufficient  performance  for  bob-up"  for  these  extreme 
T/W  values.  Figure  13  shows  typical  bob-up  climb  performance  for  the  three  T/W  models  with 

Zw  -  -0.65.  In  another  case  the  evaluation  pilot,  when  confronted  with  the  poor  bob-up 
performance  of  the  1.03  T/W  model,  tried  to  enhanoe  the  climb  performance  by  ’off-loading'  the 
tall  rotor.  This  teohnique,  oommon  for  low  T/W  helioopter  operations  at  the  hover,  allows  the 
normal  tall  rotor  torque  to  be  applied  to  the  main  rotor  while  the  aircraft  is  allowed  to  change 
heading  In  response  to  the  main  rotor  applied  torque.  While  this  teohnique  did  not  allow 
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increased  performance  of  the  alroraft  due  to  the  model  implementation  used  tiara,  its  usa  doaa 
daaonatrata  tha  aavarlty  of  the  per  for  man  oa  problem  for  T/N  -  1.03.  For  this  speolflo  axanpla 
tha  aircraft  aodal  received  a  Coo  par  Harpar  rating  of  8  for  tha  bob-up  task. 

o)  While  tha  aasa  of  vartloal  stabilisation,  and  thus  tha  level  of  heave  damping  Is  laportant,  tha 
ratings  and  ooaaents  for  tha  task/ configuration  matrix  of  this  study  tends  to  show  that  available 

aircraft  parforaanoa  Is  an  overriding  raotor.  Therefore,  s  slight  reduction  lr.  ZH  for  low  T/M 

halioopters  which  provides  a  greater  ollab  capability,  is  preferred  by  evaluation  pilots  In  some 

oases. 

The  aodals  evaluated  In  this  experiment  had  one  significant  difference  froa  actual  halioopters.  No 
provision  was  aade  for  slaulatlng  translational  lift  and  therefore  the  aodels  did  not  show  performance  gains 
with  lnoreaslng  forward  speed.  This  situation,  graphically  represented  in  Figure  14  means  that  a  real 
helloopter  with  1.10  T/W  In  the  hover/bob-up  speed  range,  will  have  a  ouch  larger  T/W  available  In  most 
forward  flight  oondltlons,  such  as  those  noroal  used  for  NOE  flight.  With  this  In  mind.  It  Is  clear  that 

tne  bob-up  ratings  provide  the  aost  orltloal  evaluation  or  tha  T/W  requirement  and  therefore  the  Level 

boundaries  sketched  In  Figure  12  are  based  on  bob-up  ratings. 

Sketohed  In  Figure  15  are  the  handling  qualities  Level  boundaries  for  Zw  and  T/W  derived  froa  this 
experlaent,  the  proposed  8501  boundaries,  whiah  appear  slightly  sore  conservative,  and  tha  boundaries 
generated  by  VMS.  NRC  and  VHS  handling  quality  ratings  for  boh-up  manoeuvres,  also  shown  on  the  figure, 
demonstrate  soae  sgreeaent  but  differ  markedly  at  1.10  T/M  when  Zw  Is  below  -.65.  This  difference,  whloh 
accounts  for  the  major  difference  In  the  Level  1  boundaries  derived  by  the  two  facilities,  may  be  accounted 
ror  by  two  posslbloe  explanations: 

1 )  The  reduced  level  of  visual  cues  in  VMS  for  the  top  or  the  bob-up.  Such  a  reduction  might 
increase  pilot  workload  and  thus  rating  level. 

2)  A  stronger  insistence  on  height  stabilization  in  the  VMS  bob-up  stressed  pointing  accuracy.  This 
task  difference  could  easily  alter  the  slgnfilcance  of  low  heave  damping  values. 

Evaluations  Involving  more  complex  engine  governor/rotor  dynamics  have  so  far  proviced  mixed  results. 
Based  on  the  majority  of  pilot  opinions,  ratings  and  behaviours,  the  following  comments  can  be  made: 

1)  In  the  context  of  these  evaluation  tasks,  at  these  low  levels  of  T/W,  it  appears  that  tne  short 
term  torque  behaviour  dominates  pilot  opinion.  Fast  acting  governors  with  toro.ue  over  , hoots  are 
strongly  disliked,  as  are  lower  rotor  inertia  systems.  The  typical  rpm  droop  model  with  a  slow 
governor  (No.  6)  however,  was  wall  liked,  probably  due  to  the  higher  vertical  accelerations 
allowed  by  trading  rpm  ror  thrust  and  the  slower  torque  response.  In  this  series  of  experiments 
It  must  be  noted  that  although  rotor  rpm  was  Indicated  on  a  gauge  with  specific  operating  range 
limits,  rotor  rpm  was  not  a  closely  controlled  or  evaluated  variable. 

2)  When  the  torque  dynamics  bsoome  objectionable  to  the  pilot  and  impinge  upon  torque  limits,  all 
evaluation  pilots  tended  to  reduce  collective  sensitivity  to  obtain  greater  precision  In 
collective  input.  In  one  specific  case  this  behaviour  altered  a  landing  rating  from  a  6  to  a  3 
with  collective  sensitivities  of  0.29  and  0.16  g  in-1  respectively. 

When  the  pilot  ratings  are  viewed  In  the  context  of  the  criterion  proposed  for  the  revised  military 
specification,  however,  the  Interpretation  Is  unolear.  This  criterion,  based  on  work  In  this  area  by 
Hlndson  (1986)  and  Corliss  (1983)  suggests  limits  on  the  values  of  tr,.  and  a  vertical  velocity  shaping 
parameter,  (tr^g  -  tr2,j ) / ( tryj  -  tr5Q)  where  trn  Is  the  rise  time  of  vertical  velocity  from  the  onset  or  a 
step  Input  to  n  percent  of  the  steady-state  value.  Tha  results  of  this  present  study,  when  plotted  in  these 
terms  (Figure  16)  show  no  significant  correlation.  As  discussed  In  Reference  11,  the  generation  of  the 
vertioal  velocity  shaping  parameter  la  very  sensitive  to  slight  anomalies  In  flight  test  daa  and  even  a  pure 
first-order  dynamlos  model,  whloh  Ideally  Is  Level  1,  oan  fall  to  meet  the  Level  1  criterion.  With  this  In 
mind  the  dynamlos  models  which  have  been  used  In  this  experiment  are  undergoing  further  Investigation.  It 
la  hoped  that  frequency  plane  analysis  techniques  will  provide  the  Information  necessary  to  clearly  resolve 
the  quantlf loatlon  and  Impact  Issues  of  complex  engine  governor/rotor  dynamcls. 

Conclusions 


In  conclusion,  based  on  the  data  analysed  to  date,  the  following  statements  can  be  made; 

Level  1  limit  envelope  for  1/W  and  Zv  suggested  by  this  series  of  experiments  Is  olose  to,  but 
slightly  larger  than,  the  currently  proposed  8501  limit  envelope.  Reasons  for  the  discrepancies 
between  the  NRC  and  VHS  envelopes  still  need  to  be  addressed. 

This  NRC  derived  envelope  Is  driven  primarily  by  bob-up  task  ratings. 

The  results  of  the  second  experiment  tend  to  suggest  that  for  low  values  of  T/W  the  provision  of 
heave  damping  at  the  wxpene  of  steady-state  climb  rate  Is  not  desirable. 

Since  the  results  of  both  the  first  and  seoond  experiments  tend , to  agree,  despite  the  reduction 
In  pltoh  and  ro)l  stability  due  to  the  change  from  ACAH  and  RCAH  to  RD  control  systems,  the 
effect  of  off-axes  stabil lmatlon  on  vertical  axis  handling  quality  requirements  Is  not 
discernible  In  this  study.  A  further  reduction  is  off-axes  stability  through  the  use  of  a  more 
primitive  control  system  should  be  evaluated  for  resolution  of  this  question. 

Poor  engine  governor/rotor  dynamlos  oan,  In  some  cases,  be  offset  by  a  reduction  in  collective 
senaltlvlty. 

More  enalysle  on  the  engine  governor/ rotor  syatem  dynamioa  models  is  required  to  allow  Insight 
Into  the  strong  pilot  preferences  and  opinions  expressed  during  that  phase  of  the  experiment. 
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Experiment  1  Experiment  2 

Pitch 

stick  force  gradient  .5  lb  inch"1  .6  lb  inch"1 

breakout  .5  lb  .9  lb 

Roll 

stick  Torce  gradient  .5  lb  inch"1  .6  lb  inch~‘ 

breakout  .5  lb  .5  lb 

Yaw 

stick  force  gradient  6.5  lb  inch-1  6.5  lb  inch-* 

breakout  1  lb  1  lb 


TABLE  1  :  STICK  CHARACTERISTICS 


Bandwidth  Overall  Hover 


Pitch 

Roll 

Course  CHR 

ACAH 

2.7*1  ra'1 

3.10  ra'1 

2-2  1/2 

RCAH 

2.00  ra'1 

2.80  ra'1 

3 

RD 

1 . 80  ra~ 1 

3.80  ra'1 

2 

TABLE  2:  CONTROL  SYSTEMS  BAWD WIDTH 


BOB-UP  BOB-UP 


HOVER  HOVER  HOVER  LANDING  LANDING 

LANDING  LANDING 


ft- 1 


■aidum  quauitii*  ctiTimoa  rot  vitt  to*  viiibilitt  torotciArt 
MB  OFBBAT1QBI 

koger  H.  Hoh 

Frlnclpal  kaeeareh  Inflttit 

Syetaae  Technology,  Inc. 

137ftt  ft.  Hawthorne  llvd. 

Hawthorne,  CA  *0230 


BOBHAtT 

The  aleelona  proposal  (or  tha  next  generation  helicopter  lnvolva  requlreaenta  to 
oparata  to  aaaantlally  aaro  visibility  In  tha  nap-of -tha-earth  (MOD  anvironaant.  Such 
oparatlona  will  require  tha  uaa  ot  pilot  vision  alls,  which  gives  rlaa  to  tha  question 
of  tha  lntaractlon  of  such  displays  anl  ths  required  aircraft  hanlllng  qualities.  This 
rasasrch  was  cooluctal  tot  1)  Investigate  tha  raqulrsl  visual  cueing  for  low  spaal  anl 
hovar,  anl  2)  leteralne  If  an  Increase  In  stabilisation  can  affectively  be  usal  to 
coapanaata  for  tha  loss  of  assantlal  cuss.  Two  flight  test  experlaents  ware  conluctal 
ualng  a  conventional  hallcoptar,  anl  a  variable  stability  hallcoptar,  at  wall 
elactroalcally  foggal  lsnaea  anl  night  vision  gogglat  with  layllght  training  filters. 
Tha  priaary  conclusion  regarllng  tha  ataantlal  cuss  for  hovar  was  that  fine  grains! 
texture  (alcrotaxtura)  It  aora  laportant  than  large  literate  objects  (aacrotexture ) ,  or 
f lall-of-vlaw.  Tha  uaa  of  attitude  coawanl  augaantatlon  was  founl  to  be  affective  as  a 
way  to  aakeup  for  lltplay  daf lclanclat .  However,  a  corresponding  loss  of  agility 
occurred  with  tha  tasted  attitude  coaaanl/attitule  hold  syataa  resulting  in  unfavorable 
pilot  coaaants.  Hanca,  tha  favorable  control  display  tradeoff  must  be  lntarpratad  In 
tha  context  that  tha  beat  solution  would  be  to  iaprove  the  vision  all.  Such  an 
laprovaaant  would  require  an  lneraaaa  In  tha  visible  alcrotaxtura,  an  advancaaant  In 
display  technology  which  Is  unlikely  to  be  available  in  tha  forasaaabla  future. 
Therefore,  a  criterion  was  developed  to  systaaatlc.lly  evaluate  display  quality,  and  tha 
assoclstal  upgrade  In  required  stabilisation  as  a  function  of  Increasingly  degraded 
visual  cues. 


t.  IBTBOOOCTIOB 

The  next  ganaratlon  helicopter  xust  be  able  to  operate  at  night,  and  In  poor  weather 
in  the  nap  of  the  earth  (HOS)  anvironaant  to  achieve  adequate  coabat  ef f activeness . 
This  gives  rise  to  two  critical  Issues,  1)  collision  avoidance  with  fixed  objects,  and 
2)  control  and  stabilisation.  In  this  paper,  a  criterion  Is  developed  specifically  to 
address  the  control  and  stabilisation  Issue  For  use  In  a  revised  rotorersft  handling 
qualities  specification  to  supersede  M11-H-8501A  (kef.  1).  Ths  lapact  of  displays  on 
handling  has  never  baan  accounted  for  in  a  handling  qualities  specification,  and  hanca 
the  proposed  asthodology  is  new  and  relatively  untested.  However,  it  Is  well  supported 
by  tha  theory  of  closed  loop  pilot  vehicle  analysis  (kef.  2),  as  well  as  data  froa  two 
flight  test  experlaents,  and  a  ground-based  piloted  siaulatlon  (NASA  Ares  Vertical 
Motion  Slaulator),  The  criterion  addresses  the  additional  autoaatlc  flight  control 
syataa  (AFCS)  stabilisation  that  aay  be  utilised  to  aakaup  for  certain  display 
deficiencies  In  the  NOE  anvlronaent.  Iaprovsd  displays  which  allow  low  workload  NOE 
operations  in  very  low  (essentially  sero-ssro)  visibilities,  alght  soaeday  obviate  the 
need  for  such  s  criterion.  However,  such  a  quantum  advance  in  display  technology  seeas 
unlikely  In  tha  foreseeable  future.  ' 

Both  collision  avoidance,  and  control  and  stabilisation  are  addressed  in  the  ptesent 
version  of  the  proposed  specification  revision  yhlch  exists  in  the  fora  of  a  U.S,  Aray 
Aeronautical  Design  Standard  (ADS  33,  see  kef.  3  ).  Collision  avoidance  is  specified  in 
kef.  3  taras  of  three-dlaanslonal  asnauvaring  envelopes.  Tha  aanuf acturars  are  required 
to  daaonstrata  that  these  envelopes  do  not  fall  outside  tha  visual  field  of  the 
available  displays  and/or  vision  aids.  In  tha  present  paper  however,  ws  ohsll  focus  our 
attention  on  tha  davalopaent  of  a  criterion  for  control  and  u t abl 1 Isa t Ion  in  the 
presence  of  degraded  visual  cueing. 

It.  BACKGkODBD  AND  SOFFOkTINC  TflBOlT 

1.  Devalopaaat  of  tha  Specif Icatloa  Methodology 

Thu  proposed  revision  to  the  kef.  1  specification  will  ba  heavily  couched  in 
autoaatlc  flight  control  systea  terminology  In  recognition  of  the  fact  that  aodern 
rotorcraft  will  utilise  full  authority  fly-by-wlre  flight  control  systems.  For  example. 


Tha  control  and  stabilisation  criterion  presented  herein  has  undergone  soaa  revision 
since  kef.  3  was  published. 
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■any  of  tha  criteria  In  AD8  33  (Raf.  3)  xre  written  in  terns  of  ''Rasponae-Typee"  which 
classify  the  gtneric  rotorcraft  responses  to  control  and  disturbance  Inputs*  The 
ftasponse-Typus  defined  In  AOS  33  ars  Rata,  Rata  Command  Attltuda  Hold  (RCAH) ,  Attitude 
Command  Attltuda  Hold  (ACAH),  and  Position  Hold  (PH).  An  Incldantal,  but  nonthalass 
laportant  bylina  to  this  Is  that  tha  ARCS  vrchitec turn  Is  not  spaclflad.  For  example, 
the  responaas  of  a  proposed  acceleration  command  system  wars  shown  to  fall  In  the  ACAH 
Response-Type  category. 

In  good  visual  conditions,  moat  required  tasks  can  ba  performed  with  a  Rata 
Response-Type  (see  Ref.  3).  In  conditions  of  degraded  visibility,  and/or  whan  tha  pilot 
suit  rely  on  vision  aids,  soma  of  tha  cues  required  for  control  and  stabilisation  are 
lost.  Tha  specif ication  methodology  la  baaed  on  requiring  additional  ARCS  (stabilisation 
(upgrade  in  Response -Ty pa  in  apse  terminology)  in  such  conditions. 

The  basic  elements  raquirad  to  carry  out  tha  proposed  specification  methodology  are 
quantitative  definitions  of,  1)  the  Reapontu-Typse  and,  2)  tha  pilot's  "uiuable  cue 
environment"  (UCE).  A  viable  definition  for  tha  UCE  should  Include  tha  following 
features • 


a  It  should  depend  on  the  pilot's  ability  to  manauvar  aggressively.  In 

particular,  it  should  not  dapand  on  tha  pilot's  qualitative  assessment  of  tha 
usable  cues.  Experience  gained  during  the  Ref.  4  tasting  has  shown  that  there 
la  a  strong  tendency  to  overastlmata  tha  usefulness  of  available  cuts  In  a 
static  environment. 

•  it  should  Includa  the  affects  of  ell  available  vision  aids  and  displays, 

including  superimposed  display  symbology. 

o  it  should  not  depend  on  the  level  of  atabl licat ion,  since  that  la  separately 

accounted  for  in  tha  specification. 

a  Since  quantitative  metrics  are  not  available,  tha  UCE  must  ba  determined  from  a 

f  caie  based  on  qualitative  pilot  evaluations.  To  the  extent  possible,  the  scale 

should : 

—  Utilise  adjectival  phrases  with  equivalent  semantic  meanings  to  all 
evaluation  pilots. 

Re  linear  (e,g.  i  visual  environment  which  la  twice  as  bad  should  receive 
double  the  numerical  rating). 

-  Have  low  variability.  Repeat  evaluations,  and  evaluations  for  several 
pllote  should  result  in  rating  acoraa  with  a  low  standard  deviation. 


The  visual  cue  racing  (>CR)  scale  in  Fig.  1  was  developed  to  satisfy  these 
req  ul  i  esi’.t  s  •  The  words  "good,  fair,  end  poor"  were  shown  to  have  low  variability,  to 
be  linear,  and  to  have  essentially  equivalent  'emantlc  meanings  In  the  rating  scale 
experiments  described  in  Ref.  3.  The  definitions  of  cuea  given  below  the  scales  define 
Maneuvering  in  tern  of  aggreoelve,  Moderate,  end  gentle  corrections.  These  were 
developed  from  the  pilot-vehicle  analytic  considerations  presented  In  the  following 
subsection,  and  have  been  tested  and  refinad  during  tha  flight  taat  experiments 
discussed  herein. 


1 1 

rOOOO  l-i 

GOOD  1  i 

GOOD 

2- 

2- 

l* 

■ 

3- 

■  FAIR  3  • 

■  FAIR  3  ■ 

■FAIR 

4- 

4- 

4  • 

■ 

3- 

•  POOR  3 • 

•  POOR  3- 

■POOR 

Attltudm 

Cues 


Horizontal 

Translational 

Rote 


Vertical 

Tronelatlonol 

Rate 


Definition  of  Cues 


X  -  Fitch  or  roll  attitude  and  lateral,  longitudinal, 
or  vertical  translation  rata. 

Chsod  X  Cues :  Cun  make  aggrasalvs  X  corrections  or  changes  with 

confidence. 

Fair  X  Cues:  Can  make  only  moderate  X  corrections  or  changes  with 

confidence. 

Poor  X  Cues:  Only  small  and  gentle  corrections  in  X  are  possible, 

and  consistent  precision  X  control  la  not  attainable. 

Figure  1.  Visual  Cue  Rating  (VCR)  Scale 
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2.  Sapperilng  Fllat-Vaklela  iiilyiit  Considerations 

Performance  of  low  speed  NOE  aaneuverlng  require*  th  st  th«  pilot  be  *bie  to  perceive 
corLiln  aircraft  atataa  with  sufficient  clarity  to  via  them,  end  their  derivatives,  aa 
feedback*.  For  the  conventional  unaugaentad  helicopter,  three  feedback*  conalat  of 
aircraft  attitude,  and  ita  darlvatlva  (angular  rate),  and  aircraft  position,  and  it* 
derivative,  c ranalat ional  velocity.  Thia  la  llluatratad  in  Fig,  2e,  where  Mie  pilot  i* 
modeled  according  to  conventional  pilot -veh 1 cln  analysis  (eee  Kef.  2).  If  attitude 

■  tnbiltjf  at  ion  (attitude  coaaand  attitude  hold,  ACAK)  la  provided,  the  block  dlagraa  in 
Fig.  2b  would  apply.  Th*  atablllaation  resulting  froa  varloue  combination*  of  pilot 
and/or  JCAS  equalisation  1*  summarised  in  taraa  of  root  loci  In  Fig.  3,  which  results  in 
the  following  obaervetlon*  for  e  typical  rotorcrafc  which  may  be  characterised  by  the 
classical  hover  cubic. 

a  From  Fig.  3a,  it  la  not  poaaible  to  maintain  a  atable  hover  without  attitude 
etabi llaation. 

a  Froa  Fig.  3b,  closure  of  the  attitude  loop  without  laid,  ie  conditionally 

stable,  and  ia  Halted  In  taraa  of  maximum  achievable  damping.  The  position 
loop  closure  requires  considerable  lead  l.e.,  the  translational  rate  cues  auc 
be  good. 

a  Froa  Fig.  3c,  the  U9«  of  lead  in  the  attitude  lcop  allow#  a  auch  better  inner 

loop  around  which  to  close  the  position  loop.  Ae  a  result,  the  position  loop 

closure  require*  late  lead  l.e., the  translational  rate  cue*  only  need  to  be 
fair.  Note  thet  the  attitude  loop  lead  carries  Into  the  out^r  position  loop  as 
a  consequence  of  the  assumption  of  s  series  pilot  aodal  (Fig.  2a). 

a  Figure  3d,  represents  the  alcuatlon  where  ACAH  augmentation  is  employed 
(Figv  2b).  A  stable  position  loop  closure  is  possible  over  a  wide  range  of 
pilot  gain,  and  the  required  position  loop  lead  is  only  aoderate  l.e.,  only  fair 

translational  rate  cues  are  required.  This  root  locus  also  applies  to  the 

nonaugment eu  case,  if  a  parallel  pilot  model  structure  is  assumed  (see  R s f .  2). 

The  point  to  be  aede  Is  that  e  good  attitude  loop  closure  alleviates  the  requirement 
for  lead  in  the  position  loop.  On  this  basis,  an  attitude  coaaand  attitude  hold  SAS 
would  be  expected  to  compensate  for  degraded  translational  nte  cue*;  *  result  which 

forms  the  foundation  for  the  proposed  criterion.  The  visual  cue  rating  scale  in  Fig.  1 

is  intended  to  provide  soae  measure  of  the  available  cues  ("usable  cue  environment")  for 
controlling  attitude  and  position.  The  ability  to  develop  attitude  lead  Ls  bslieved  to 
require  high  quality  visual  cueing.  Based  in  the  Attitude  root  loci  in  Figs.  3b  and  3c. 
the,  lack  of  such  lead  results  in  a  conditionally  stable  response,  one  which  would  pre¬ 
clude  aggressive  attitude  corrections.  Hence,  the  visual  cue  scale  in  Fig.  i  is  baaed 
on  the  ability  to  make  aggressive  corrections  in  attitude.  Thia  Is  carried  over  to  the 
definition  of  horizontal  and  vertical  rate  cuesa  based  on  similar  reasoning.  It  was 
found  to  he  extremely  important  in  the  experiment  described  in  Section  Ill  that,  in 
making  VCR  evaluations,  tho  pilots  avoid  qualitative  assessments  of  a  display  or  vision 
aid  that  deviates  from  the  Fig*  2  definitions. 

til.  KXPKEIMENTAL  DATA 

1.  Visual  Cualag  Experiment 

The  fundamental  visual  cues  required  to  perform  low  speed  and  hover  maneuvering  in 
the  NOB  environment  *.re  not  well  understood.  Knowledge  of  these  essential  cue*  is 
requirad  for  the  development  of  pilot  displays  for  low  or  zuro  visibility  operation*. 
Thia  flight  test  experiment  (described  lu  detail  in  Ref.  4)  provides  some  insight  into 
the  necessary  cues  for  control  arid  stabilization  and  the  results  are  summarized  in  this 
section  as  aupDorting  data  for  the  criterion  to  be  developed  subsequently  in 
Section  IV.  The  primary  variables  * n  the  Ref.  4  flight  tests  were  the  field-of-viev, 
the  amount  of  visible  macro  texture  (large  ob,!**ct«)  and  alcrotexture  (fine-grained 
detail).  Six  different  fields  of  view  were  tested,  varying  from  a  small  (10  deg  X  10 
deg)  forward  looking  window  to  large:  windows  (see  Fig.  4)  which  had  essentially  no 
restriction*  to  peripheral  vision. 

The  visible  texture  was  veiled  by  conducting  the  tests  over  two  marked  courses 
(Fig.  5)  on  a  dry  laktbed,  and  by  using  special  electronically  fogged  lenses  to  remove 
the  visible  xi c re text ure  (cracks  in  te  lake  bed).  The  scope  of  the  experiment  did  not 
allow  quantitative  measurements  of  the  fogged  lenses  in  terms  of  the  modulation  transfsr 
function  (see  Section  V).  An  estimate  of  the  pilots'  visual  envlronaent  with  the  lenses 
fogged  was  obtained  froa  a  standard  eye  chart  (Landolt  rin^s)  set  up  at  the  test  site. 
The  pilot's  vision  with  the  lens  fogged  tested  from  20/20  to  20/40,  even  tho.gh  the 
pilots  generally  agreed  that  the  cracks  In  the  lsfcebad  were  removed  ae  usable  visual 
cues.  The  details  of  visual  cueing  are  diecuaae*  in  Section  V,  where  It  is  shown  how  it 
ls  possible  to  test  20/20  on  a  standard  eyechart  and  still  not  be  able  to  utilize  small 
detail  aa  a  usable  cue  due  to  Inadequate  depth  of  modulation. 

The  visual  cue  ratings  (VCRs  froa  Fig.  1),  and  Cooper-  Harper  handling  qualities 
ratings  are  plotted  against  the  variations  in  f ieid-of -vi ew  In  Fig.  6.  The  following 
observations  can  be  made  froa  this  date. 


o)  Unaugmented  Helicopter 


b)  Attitud »  Augmentation 

Figure  2.  Piloted  Cloeure  for  Hover 


a)  No  Attitud*  b)  Attitud*  Clotur*  c)  Attitud*  Clo*ur*  With  d)  ACAH  SCAS  -  No  Pilot 

(•low  Without  Pilot  L«od  Hod  In  Attitud*  Loop  Attitud*  Clo»ur» 

Unstable  Raqulrm  larg*  R*duc*d  requirement  tor  TL,  Requir**  only  moderate  TLl 

Rmult*  from  poor  Require*  foir  attitud*  R*qulr**  good  attitud*  cum  Attitud*  cum  may  b*  fair 

attitud*  cum  cum  and  good  Iran*-  and  fair  tranelctlunal  to  poor 

without  SCAS  latlonal  rat*  cue*  rat*  cum 

Trontlationol  rat*  cum 
only  nmd  to  b*  foir 


Figure  3.  Tradeoff  Between  Attitude  and  Tranelatlonel 
Rate  Feedbacks  Required  for  Stable  Hover 
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(a)  Variations  in  field -of -view  — 

Configuration  1  (narrow  uppor  front  to 
evaluate  potential  displays) 


(b)  Variationa  in  f ield-of-view  — 

configuration  2  (nominal  upper  front 
to  ela^xlata  NASA  Asm  VMS  front  monitor) 


AttaMrth  («**) 


(d)  Variations  In  f ield-of-viev  — 

configuration  3  (nominal  upper  front 
plus  lower  front  to  Investigate  effect 


•to  -10  O  10 


At  tow**  |*t| 

(e)  Variationa  In  f ield-of-view  — 
configuration  7  (wide  upper  front 
plus  sides) 


Anwri*  (Ah) 


(c)  Variations  in  f ield-of-view 

configuration  6  (no® Inal  upper  front 
plus  aides  to  investigate  effect  of 
thin  window) 


(f)  Variation n  in  fiald-of-vlcv  — 

configuration  6  (wide  upper  front  + 
lower  front  +  aides) 


Figure  A,  Field-of-View  Variations  in  Reference  A  Experiment 
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ft 


Task 

1.  Vsrtlcol  liftoff-  hovtr  and 
vortical  tending  at  A 

2.  Sldottap  to  8  ond  back 

to  A  -  vortical  landing  at  A 

3.  Forward  to  C  -  bob  up 
and  bob  down 

4.  Vbrticol  lending  of  C 


•  A 


Poor  mocrotoxturo 
Vary  microtoxturo 


a)  Tnt  S/t*  On* 


b)  T»*t  Sit*  Two 


Figure  5.  Teat  Sltea  In  Kef.  4  Experiment 


O  Fin*  Grained 
Texture  Vlalblt 
□  Fine  Grained 

Teature  Not  Vlalblt 


Note:  plotted  data  le  from 
teet  tlteone(Flg.5a) 


Figure  6.  Effect  of  Fleld-of-Vlew  end  Microtexture  Variations  In  Kef.  4  Experiment 
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•  Visible  mlcrotextura  is  an  important  visual  cua  for  control  and  stabilisation* 

•  Increasing  the  f leld-of -view  beyond  38  deg  X  23  deg  (Configuration  2  in  Fig*  4) 
does  not  result  in  significant  improvements  In  Cooper-Harper  or  vsual  cue 
ratings*  An  Increase  in  f leld-of -view  would*  of  course*  be  desirable  for 
navigation  and  orientation*  however*  the  results  of  this  experiment  indicate 
that  it  would  be  undesirable  to  Increase  the  f leld-of -view  of  a  pilot  vision  aid 
at  the  expense  of  resolution  (visible  microtexture)* 

The  Fig*  6  data  includes  only  the  results  obtained  on  Test  Site  one  (Fig*  5s)  which  was 
rich  in  macrotexture*  The  results  from  Test  Site  two  (Fig*  5b)*  which  was  devoid  of 
macr otexture *  were  essentially  the  sees*  Hence*  oacrotexture  was  found  to  be  of 
secondary  ieportsnce  to  microtexture  In  terms  of  cues  required  for  stabilisation  and 
control* 

The  averaged  visual  cue  ratings  are  plotted  against  the  averaged  Cooper-Harper 
ratings  in  Fig*  7  to  examine  the  effect  of  degraded  visual  cueing  on  handling 
qualities*  These  results  show  that: 


Figure  ?.  Variation  in  Average  Visual  Cue  Rating  For 
Attitude  and  Translational  Rates  With  Average 
Cooper-Harper  Rating  (Data  from  Ref*  4  and  8) 


6-8 


•  Tht  tsst  helicopter,  a  Hugh**  JOOD,  was  given  Laval  1  rating*  whan  tha  VCR*  «*r* 
1.3  or  b«tt*r. 

•  Th*  handling  qualities  ratlnga  steadily  degraded  aa  th*  VCt*  Increased,  which 
walldataa  th*  trand  pradlctad  iron  th*  analysis  In  fig.  3. 

Son*  vlnual  cu*  rating*  war*  tah*n  fro*  a  asving  baaa  alnulatlon  conduct*!  on  th* 
NASA  Aaaa  VNS  and  than*  ara  alao  plotted  In  Tig.  7b.  That*  data  ahow  that  th*  trand  of 
th*  degradation  In  Coopar-Harpsr  ratlnga  with  lncraaalng  tranalatlonol  rat*  VCt*  agraaa 
reasonably  wall  with  flight  test.  Tha  attltud*  VCt*  war*  judged  to  b*  good  for  all 
caaaa  on  th*  alnulator.  Indicating  that  th*  trend*  In  Tig.  7b  *r*  not  dependant  on 
■lnultanaou*  degradation  of  attltud*  and  translational  rat*  cuaa. 

Tha  VCt  acal*  (Tig.  1)  not  only  plays  a  algnlflcant  rola  la  th*  proposed  criterion. 
It  *1*0  provide*  a  quantitative  natrlc  (or  comparison  of  conpatlng  displays  or  vision 
aid*.  A*  noted  earlier,  tha  validity  of  auch  a  acal*  dapands  on  It*  ability  to  produc* 
rating*  with  low  variability  within  and  anoagat  pilot*.  Tha  variability  of  tho  Tig.  1 
•cal*  for  th*  oxparlaantal  data  froa  taf.  1  la  ahown  In  th*  euaulatlvo  distribution  plot 
in  Tig.  S,  where  th*  ordlnata  1*  tht  parcantag*  of  total  VCH  ratlnga  with  a  atandard 
deviation  laaa  than  or  equal  to  a  glvtn  value  on  tha  abaci***.  This  data  Included  over 
ZOO  separata  evaluation*.  Based  on  this  plot.  It  would  b*  axpactad  that  tha  atandard 
deviation  In  th*  VCH  rating*  In  a  glvtn  axparlnant  would  not  axcaad  0.73  nor*  that  0.8Z 
of  tha  tins.  Thla  la  a  raatonabl*  validation  of  th*  teals,  and  la  th*  baala  for  a 
Ref.  3  apaclf lcatlon  raquirenant  that  th*  atandard  deviation  in  th*  rating*  not  axcoad 
0.73.  Such  a  deviation  would  b*  raaaon  to  auapact  th*  *xlatanc*  of  an  anoaalou*  aot  of 
rating*  auch  aa  nay  b*  cauaod  by  a  preconceived  nlnd-oat  by  on*  of  th*  evaluation 
pilot*.  In  auch  caaoa,  th*  procuring  activity  nay  elect  to  atslgn  additional  pilot*,  or 
to  naka  a  decision  based  on  other  factor*  (auch  aa  elinlnatlng  on*  pilot'*  ratings,  or 
anphaslalng  tha  pilot  coanant*  aora  than  th*  nuaarlcal  rating*). 

t.  Control-Display  Tradeoff  Bxparlnaat 

An  axparlaont  was  conducted  to  validate  th*  analytically  baaad  hypothesis,  that  the 
addition  of  attitude  atablllaatlon  would  b*  effective  aa  coaponaatlon  for  son*  loaa  In 
viaual  cuaa.  If  valid,  such  a  hypothesis  would  allow  for  th*  posalbllty  that 
augaontation  can  be  effectively  utilised  to  aaka  up  for  loaa  than  Ideal  displays  and/or 
vision  aid*.  This  la  especially  useful  in  light  of  tha  fact  that  tho  flna-gralnad 
taxtura  (alcrotoxture) ,  found  to  ba  an  aasantlal  cu*  for  stabilisation  and  control  In 
tha  above  discussed  visual  cuolng  exparlaont,  Is  vary  difficult  to  Incorporate  into 
displays  and  vision  aids.  For  oxanple,  ths  usabla  alcrotextura  la  sonawhat  Halted  for 
I'orvard  looking  Infrared  (FLIR)  display*,  eoaputar  generated  lnagery  (CGI),  and  light 
Intenslfior  systane  or  night  vision  goggles  (NVG).  Thl*  la  further  exacerbated  by  th* 
tendency  to  Increase  the  f lald-of -view  at  tha  expanse  of  a.crotsxturo,  a  trend  that 
taprova*  positional  awaranaas,  but  at  tha  expanse  of  control  and  atablllaatlon. 

The  experlaant  discussed  horaln  utlliaod  a  variable  atablllty  helicopter  (Canadian 
National  Aeronautical  Bstabllshnant  (NAE)  Ball  Z05A) ,  and  night  vision  gogglao  as  a 
rapresantat lve  pilot  vision  aid.  Th*  night  vision  gogglos  were  a  currant  atato-of-th*- 
art  syataa  (PVS-6).  However,  safety  considerations  dictated  that  thay  ba  uaod  In  tho 
variable  stability  aircraft  only  in  daylight  conditions.  Night  conditions  war* 
alaulatad  using  variable  density  training  filters  which  allowed  the  alnulatlon  of 
conditions  varying  froa  a  full  noon  to  a  very  dark  night  such  aa  night  oxlat  in  a  rural 
area  with  a  solid  ovarcaot.  Th*  following  factors  urine  froa  th*  us*  of  daylight 
filters  to  alaulate  th*  night  onvironaant, 

a  Pilots  experienced  with  ths  PVS-6  night  vision  gogglss  Indicated  that  thoy  ar* 
auch  oaslu  to  us*  in  th*  rsal  night  onvironaant.  Hone*,  tha  results  of  this 
study  nuat  not  be  uaed  aa  a  basis  for  an  evaluation  or  comparison  of  tha  night 
vision  gogglos. 


Tigura  S.  Cuaulatlvo  Distribution  of  Standard  Deviations 
of  Visual  Cu*  Ratings  Given  by  Pilots 
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•  The  available  taxtura  depended  greatly  on  tha  lighting  conditions  (ovarcaat  vs. 
sunny) • 

•  Any  dlract  glare  ftos  tha  aun  aavaraly  dagradad  the  visual  scans. 

Anothat  factor  which  should  ba  takan  Into  account  la  tha  lack  of  available  tins  to 
sufficiently  train  evaluation  pilots  lo  fly  tha  night  vision  gogglaa.  Host  pllotc  wars 
allowed  about  2  hours  of  f aaillarlaation  before  conducting  foraal  evaluations,  which  Is 
substantially  lass  than  tha  tins  allotted  by  tha  tl.S.  Aray  to  qualify  for  actual  night 
vision  goggle  operations. 

Tha  variable  stability  gall  205A  was  configured  to  alaulata  a  rate  augaantad 
helicopter,  and  a  helicopter  with  Attltudw-Coaaand-Attltuda-'Hold  (ACAH)  augaantatlon. 
loth  configurations  ware  tasted  to  he  Laval  1  with  no  restriction  to  vision  (Coopar- 
Harpsr  handling  quality  ratings  equal  to  or  lass  than  3.5)  In  a  previous  handling 
qualities  experlnent  (bast  kata  and  ACAH  syataas  froa  tat.  6).  Tha  task  was  essentially 
identical  to  that  used  In  kef.  t  except  chat  a  bob  up/down,  and  hovar  turn  ware  added, 
see  Fig.  9. 

Tha  test  procedure  Involved  setting  tha  variable  density  filters,  while  sitting  In 
the  helicopter,  at  a  calibration  alts  wherein  a  standard  ayachart  was  mounted  20  feat 
froa  tha  evaluation  pilots  head.  Tha  filters  ware  run  at  two  settings;  wide  open 
(pilots  usually  reported  this  as  20/70  in  tarsia  of  visual  acuity),  and  at  a  setting 
which  resulted  in  a  visual  acuity  of  20/85.  To  put  this  In  an  operational  context,  tha 
PVS-i's  tasted  between  20/S0  and  20/60  on  a  full  aoon  night,  and  about  20/85  on  a  dark 
overcast  night  wlch  sows  distant  glow  visible  froa  airport  runway  lights  (It  was  not 
possible  to  see  the  eyechart  at  all  with  tha  unaided  aye). 

Two  test  eitas  were  utilised  to  further  vary  the  visual  envlronaent.  One  site  was 
over  a  large,  flat,  grassy  field,  and  tha  other  In  a  swaapy  area  with  large  cluaps  of 
weeds  which  provided  additional  alcrotexture.  Finally,  taste  were  run  with  and  without 
snow  cover,  on  sunny  and  cloudy  days,  and  on  windy  and  cala  days  (aost  were  cala). 

A  total  of  savan  evaluation  pilots  participated  In  the  axperlaent,  although  only 
four  had  enough  faalllariaac ion  clae  to  achieve  conalatent,  ratings.  Visual  cue  ratings 
(VCRs  from  Fig.  1)  and  standard  Cooper-Harper  handling  qualities  ratings  ware  obtained 
for  the  Rate  augaantad  configuration,  whereas  only  Cooper  Harper  ratings  ware  obtained 
for  tha  ACAH  configuration.  Visual  cue  ratings  wars  not  obtained  for  the  ACAH  eases 
because  the  use  of  such  augaantatlon  obviates  tha  need  for  tha  critical  cues.  The 
pilots  ware  required  to  fly  the  Fig.  9  teat  course  at  least  three  tls.es  before  assigning 
the  ratings,  and  recording  thalr  consents.  This  resulted  In  about  20  minutes  of 
evaluation  tins  which  included  12  vertical  landing,  3  sldeatapa,  qulckstops,  bobup/ 
downs,  turns  about  a  point,  and  precision  hovers.  Separata  Cooper-Harper  ratings  were 
glvan  for  each  of  these  aanauvars. 

The  VCR  and  Cooper-Harper  rating  results  were  enalysed  with  a  view  toward  answering 
the  following  questions. 

a  What  la  the  Interdependence  between  the  three  coaponents  of  visual  cues  In 

Fig.  1  (attitude,  horlsontal  and  vertical  translational  rates)? 

a  To  whnt  extent  does  ACAH  allevlats  the  degradation  In  handling  qualities 

associated  with  e  degraded  visual  environment? 

a  what  combination  of  VCRs  causes  a  Level  1  (Cooper-Harper  1  to  3.5)  baseline  Rate 
augmented  aircraft,  to  becone  Level  2  (Cooper-Harper  A  to  6)? 


PILOT  TASKS 


I. 


2. 


3. 


4. 


5. 

6. 

7. 

8. 


9. 

10. 


Precltlon  Hovar  and  Vertical  Landing  at  A 

Hovar  turn  about  A  at  conatant  radius 

Rapid  tldosiap  to  B  -  stabiliga  while  pointing 

at  B'-and  return  to  A 

Repeat  I 

Quickstop  to  C 

Bob  up/ down  over  C  x  g> 

Land  at  C 

Return  to  A  _ 

Repeat  1-8  three  times  B 

Give  ratings 


2 


Markers  on 
Ground (typ) 


OC 


4 

A 


Figure  9.  Test  Course  and  Tasks  Used  In  Night  Vision 
Goggle  Experiment  (Also  used  in  Ref.  6) 


6-10 


•  Over  that  rang*  of  VCRe  goto  tho  addition  of  ACAH  upgrade  tha  Cooper-Harper 
ratlnga  froa  Laval  2  (for  tha  baaalina  Kata  augaantatlon)  to  Laval  It 

Each  of  thaaa  questions  la  addraaaad  in  tha  following  paragraphs.  Unlaaa  specifically 
noted,  only  data  tafcan  in  eala  condition!  hava  baan  lncludad  in  tha  analyala. 

Intardaoandanca  Katwaan  Tlaual  Cua  Katlnaa 

tha  lntardapaadanca  between  tha  thraa  coaponanta  of  tha  Pig.  1  viaual  cua  rating 
acala  can  ba  axaalnad  froa  tha  VCK  rating  data  praaantad  in  Pig.  10  for  Kata  augaantad 
caaaa  with  night  vlaloa  goggles.  Hart  It  la  aaan  that  tha  vartlcal  and  horltontal 
tranalation  euaa  ara  highly  correlated  (K*  «  >14)  wharaaa  tha  tranalatlon  and  attltuda 
cuaa  ara  ralatlvaly  lndapandant  (R*  ■  .18)  .  A  linear  ragraaalon  fit  to  tha  data  la 
alao  plotted  In  Pig.  10.  On  thla  baala,  tha  maalndar  of  tha  analyala  of  tha  data  la 
baaad  on  t'ta  attitude  and  horlaontal  tranalatlon  cua  rating  (l.a..  vertical  tranalatlon 
cuaa  ara  not  lncludad  aa  an  lndapandant  variable  In  tha  analyala). 

Coaoarlaon  Batvaan  Kata  and  ACAH  In  A  Daaradad  Viaual  Cua  Environment 

tha  Coopar-Harper  handling  qualities  ratlnga  ara  plotted  ve.  tha  horlaontal 
tranalatlon  viaual  cua  ratlnga  for  oath  of  tha  teatad  aaneuvr.ra  In  Pig.  11.  Tha 
following  obaarvatlona  can  ba  aada  froa  thla  rating  data  and  tha  associated  pilot 
coaaancary. 


a  Tha  baaalina  Kata  augaantad  configuration  (trlanglaa)  exhibit  a  tendency  toward 
lncraaalngly  tnconalecent  and  degraded  Coopar-Harpar  ratlnga  with  tncraaalng 
VCK.  Thla  la  conaiatant  with  tha  data  froa  tha  viaual  cua  axparlaant  dlacuaead 
In  tha  pravloua  aaetlon  (aaa  Pig.  7  and  Kef.  4). 

a  Conf lguratlona  with  ACAH  augaantatlon  ara  given  Coopar-Harpar  ratlnga  batvaan  3 
and  4  up  to  a  VCK  of  4.3  for  all  aanauvara  except  tha  qulckstop  and  hob- 

up/down.  Tha  qulcketop  racalvad  Laval  2  ratlnga  In  tha  Kaf.  i  axparlaant  (no 
reetrlctlon  to  vlaloa)  due  to  tha  lack  of  agility  Inherent  to  tha  ACAH 

augaantatlon  aa  aachanlaad.  All  pilota  noticed  problaaa  In  tha  bob-down  with 

night  vlelon  gogglaa  due  to  tha  lack  of  vielble  alcrotexture  at  altltudaa  above 
10  to  20  ft.  Thla  raaultad  In  a  diatlnct  lack  of  altitude  and  altitude  rata 
awaranaaa  which  wa*  not  alleviated  by  the  ACAH  augaantatlon  (nor  wan  it 
predicted  to  In  tha  pllot-vahlcla  analyala  in  Pig.  3). 

a  i'he  ratlnga  tar  the  ACAH  caeee,  while  batter  that  rata  caaaa  In  the  degraded 
visual  anvlronnant,  did  not  reflect  Ideal  conditlona  (l.a.,  Coopar-Harpar 
ratlnga  warn  3  to  4).  Thla  eight  ba  lnproved  with  an  optlaltad  ACAH 

augaantatlon,  however,  It  la  auapacted  that  tha  uaa  of  ouch  augaantatlon  la  leaa 
attractive  than  restoring  tha  viaual  conditlona  via  laprovad  displays.  Ivan 
though  ACAH  allows  tha  pilot  to  operate  In  degraded  viaual  conditlona,  there  la 
a  distinct  loss  of  aggressiveness  due  to  the  nature  of  ACAH,  and  to  tha  abova 
noted  problaaa  in  tha  height  axis.  However,  displays  with  adoquate  alcrotexture 
for  stabilisation  and  control,  conblnad  with  an  adequate  f lald-of-viaw  for 
poaltlonal  awareness  ara  not  expected  to  ba  available  in  the  near  future. 
Hence,  the  use  of  augaantatlon  to  aake  up  for  display  deficiencies  represents 
the  only  coaproalse. 


Hortiontol  Trent tottonol  VCR 

Figure  10.  Interdependence  batwean  Visual  Cua  Ratlnga 


K  la  the  correlation  coefficient  and 


0  rapresants  perfect  correlation 


Horizontal  Translational  Visual  Cue  Rating  Horizontal  Translational  Visual  Cuo  Rctlng 


Figure  11.  Cooper-Harper  Ratings  vs.  Horizontal  Trans 1st lonsl  Cuo  Ratings 


Tha  rasults  shown  In  Fig.  11*  through  lid  effectively  validate  the  basic  hypothesis 
formulated  In  Fig.  3  (l.a.  attitude  augaentatlon  can  be  used  to  offset  degraded  attitude 
and  translation  visual  cuas).  The  Cooper-Harper  ratings  for  ACAH  alght  have  been  even 
better  If  the  stick  force  gradients  ware  aoaewhat  higher.  This  was  noticed  late  In  the 
teats  as  a  result  of  continuing  coaaents  by  the  pilots  that  the  ACAH  case  tended  to 
"buck  and  shuffle"  in  response  to  pitch  coaaande-  It  was  then  noted  that  the  force 
gradient  was  a  factor  of  four  laae  than  that  used  in  a  previous  ground-based  slauletlon 
(Ref.  8)  conducted  on  the  NASA  Anas  Vertical  Notion  Siaolator  (.5  lb/ln  In  flight  and 
2.0  lb/ln  In  the  slauletlon).  Increasing  the  gradients,  and  aodlfylng  the  controller 
Inertia  and  friction  empirically,  resulted  In  considerably  laproved  pilot  acceptance  of 
the  ACAH  case.  Interestingly,  the  lower  stick  force  gradient  wee  not  noticed  by  3 
different  pilots  In  tha  previous  handling  qualities  tests  (Ref.  6)  suggesting  thst 
higher  gradients  are  deslrod  whan  degraded  vision  Is  a  factor. 


Effect  of  Visual  Cue  Retinae  on  Cooner-Harper  Retinae 


Tha  effect  of  visual  cue  ratings  on  Cooper-Harper  handling  qualities  ratings 
suggested  by  the  esperlaental  data  was  estlaated  by  the  application  of  a  multiple  linear 
regression.  This  resulted  in  the  fallowing  empirical  relationship  between  handling 
qualities  (HQR)  and  visual  cues  (VCR)  for  rate  augaentatlon. 


HQR  -  0.89  +  0.89  VCRg  +  0.60  VCR„ 


This  regression  fit  was  accomplished  using  tha  current  espe.-lnencal  data  for  ni„ht 
vision  goggles  with  Rate  augaentatlon,  and  the  data  taken  froa  the  Kef.  A  experiment 
(discussed  In  III. 2)  resulting  In  a  total  uf  89  observations.  The  correlation 
coefficient  for  thla  fit  la  .83  which  statistically  Indicates  correlation  at 
substantially  better  then  the  99X  level  of  significance  (Ref.  9).  The  sstiaeted  and 
actual  ratings  are  plotted  in  Fig.  12,  where  It  la  seen  that  tha  data  spread  about  the 
line  of  perfect  correlation  la  reasonable  up  to  ratings  of  about  7.  Beyond  this  value, 
tha  linear  fit  la  nonconservative.  However,  the  coaplexlty  of  s  aulttple  nonlinear 
regression  seeae  unwarranted,  since  only  tha  data  up  to  a  rating  of  6.5  Ih  used  In  the 
subsequent  criterion  davelopaent. 


In  the  Ref.  A  eaperiaent,  the  pilots  gave  a  cc  posits  Cooper  Harper  rating  for  the  full 
test  course  (Fig  3),  whereas  in  the  prosent  eaperiaent,  separate  ratings  were  given  for 
each  task  (see  Fig.  11).  Tha  aulttple  regression  was  done  using  an  evsrags  of  the  pre 
clslon  hover  end  the  lending  Cooper  Harper  ratings. 


<-12 


Figure  12.  Linear  Multiple  Regression  for  all  cases  without  ACAH 
(froa  both  experiments)  A2  •  0.69,  89  obamrvatione , 

AMS  arror  of  Cooper-Harper  hating  -  1,0 


Tha  data  for  Aata  augaantad  and  unaugmantad  configuration*  froa  both  experiments  ara 
plottad  on  a  grid  of  attltud*  TCA  vs.  horlaontal  translation  VCA  in  Fig.  13.  Tha  daahad 
linaa  rapraaant  aatiaatad  Coopar-Harpar  handling  qualities  ratlnga  (!1QA)  froa  tha  llnaar 
ragraaaion  fit,  and  ara  saan  to  rapraaant  a  raaaonabla  (albalt  cut aarva t 1 va)  aaparatlon 
batwaan  tha  pilot  rating  data.  Tha  data  la  aaparatad  at  tha  3.3  and  3.3  valuaa  of 
handling  quality  rating  on  tha  baals  that  tha  1.3  lina  represents  tha  claaaical  Laval 
1/2  boundary  in  N11-F-8785C  (Raf.  10).  Tha  3.3  lina  la  baaad  on  tha  raaulta  shown  in 
Fig.  13b,  and  tha  6.5  lina  la  Laval  2/3  boundary  in  H11-F-8783C, 

Tha  raaulta  ahown  in  Fig.  13b  lndlcata  that  tha  raglon  dafinad  by  handling  quality 
ratlnga  of  3.5  to  3.3  for  tha  baaalina  Rata  Raaponaa-Typta  la  noatly  Laval  1  for  ACAH. 
All  of  tha  exceptions  ara  baraly  Laval  2  (rating  of  6)  and  occurrad  In  gusty  wind 
conditions.  As  tha  visual  conditions  dagrada  bayond  tha  lina  dafinad  tor  HQR  (Aata)  * 
3.3,  tha  ACAH  augaanratlon  la  saan  to  ba  Inaffactlve  aa  a  neana  for  maintaining  Laval  1 
handling  qualltlaa.  Tha  3.5  lina  is  therefore  a  natural  uppar  Unit  for  a  criterion 
which  allows  ACAH  to  conpansata  for  a  degraded  visual  cue  anvlronaant. 

IT.  DRVKLOFKRNT  OF  CR1TRR10H 

Figure  13a  suggests  that  tha  region  below  the  HQR  (Aata)  *3.3  line  does  not  require 
additional  stabilisation,  while  Fig.  13b  Indicates  that  tha  raglon  batwaan  that  line  and 
the  HQR  (Aata)  •  5.5  line  Is  Laval  1  whan  ACAH  augaantatlon  la  eaployed.  A  criterion 
suggastad  by  these  regions,  with  tha  following  aodlf Icationa,  la  given  lu  Fig.  16. 

a  Tha  regions  have  baen  modified  to  disallow  axtraaa  differences  batwaan  attitude 
and  translation  VCR  ratings  at  a  naans  of  compliance.  This  la  to  prevent,  for 
example,  a  display  with  excellent  attitude  cuaa  and  poor  translation  cues  from 
masting  tha  criterion. 

a  Tha  raglon  above  tha  HQR  (Rata)  "  6.3  has  bean  disallowed  on  tha  baals  that  It 
la  unlikely  that  any  augmentation  can  nska  up  for  such  a  major  deficiency  in 
visual  cualng. 

The  regions  established  In  Fig.  13  have  baen  defined  In  term  of  four  levels  of 
enable  cue  environment  (DCS)  In  Fig.  16.  Each  UCS  level  la  utilised  to  set  a 
requirement  for  a  minimum  Reaponee-Typa  In  Table  1.  (Tha  minimum  response-rypes  for  tha 
pitch  and  roll  axes  ara  shown  In  paranthaala  In  Fig.  16,  below  the  UCE  label).  The 
Juetlflctlon  tor  requiring  Aata  end  ACAH  for  UCE«1,  and  ACAH  for  UCE*2,  (Table  1  and 
Fig.  16)  te  baaad  on  the  experimental  data  In  Fig,  13.  Tha  justification  for  adding 
position  hold  In  tha  UCS*3  region,  is  based  on  receut  simulation  data  (not  yet 
published)  which  showed  that  Laval  1  ratings  ware  possible  with  position  hold,  avan  whan 
tha  pilot  was  preoccupied  with  other  tasks  In  a  very  high  workload  environment.  In 
addition,  the  simulator  visual  display  (NASA  Ames  VMS)  had  a  UCE  of  2  (based  on  Fig.  7). 

The  Table  1  requirements  for  tha  yaw  and  height  axis  stabilisation  for  UCE  ■  1  and  2 
ara  based  on  whet  was  used  on  the  Bell  205  during  tha  night  vision  goggle  experiment. 
Tha  Table  1  requirement  for  heading  hold  and  altitude  hold  for  UCE“3,  la  not  supported 
by  data  at  this  time. 

Application  o£  tha  Criterion 

The  UCE  ratlnga  used  In  Table  1  mutt  be  obtained  experimentally ,  using  tha  VCR  scale 
tn  Fig.  1,  and  conversion  to  JCE  In  Fig.  16.  Tha  process  of  obtaining  the  VCR  ratlnga 
consists  of  an  axparlnental  evaluation  of  tha  proposed  vision  aids  and  displays,  and 
must  ba  conducted  under  certain  specified  conditions. 

a  The  test  aircraft  must  have  a  Rate  or  RCAK  Rsrponse-Type.  Additional 
etabllliatlon  would  obviate  the  need  for  tha  cues  that  the  display  la  being 
tested  tor. 
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Figure  13.  Correlation  of  Cooper-Harper  Handling  Qualities  (HQR)  and  Visual  Cue  Ratings  (VCR) 


Figure  11.  Definition  of  Usable  Cue 
Environments  and  Minimus 
Allowable  Response-Types 


TABLE  1 .  REQUIRED  UPGRADED  RESPONSE-TYPE  IN  THE  PRESENCE 
OF  DEGRADED  UCE  —  NEAR-EARTH  OPERATIONS 


AXIS  OP 
CONTROL 

RESPONSE-TYPE 
SPECIFIED  FOR 
UCE-l 

UPGRADED  RESPONSE-TYPE 

IN  THE  PRESENCE  OP 
DEGRADED  UCE 

UCE-2 

UCE-3 

Pitch  end 
Roll 

Rate 

ACAH 

ACAH  +  PH 

ACAH 

ACAH 

ACAH  +  PH 

Yaw 

Rett 

Hate 

RCDH 

Height 

Rate 

Rate 

Rate 

♦  RCHH 

NOTES: 

•  ACAH  —  Attitude  Coemsnd/Attttude  Hold 

•  RCDH  —  Rate  Coneand/Dlrsctloral  Hold 

•  PH  —  Position  Hold  or  “hover  hold  " 

•  RCHH  —  Altitude  Rats  Coaasnd  with  Altitude  Hold 
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a  The  test  aircraft  Mat  ba  Laval  1  la  good  visibility  (l.a.  tha  avaraga  handling 
qualities  ratlaga  aaat  ba  J-l/1  ar  battar). 

•  4t  laaat  )  avaluatloa  pilots  Mat  ba  uaad  aad  thalr  result*  averaged  (hence  tha 
aaad  (or  a  linear  VC*  ratlag  acala). 

a  Tha  taata  should  ba  eaaductad  la  cala  air. 

a  Tha  taata  should  laeluda  fraclalea  hover,  precision  vartleal  laadlag,  hovar 
turas  about  a  poiat,  quicksteps,  aad  bohup  aad  babdaua. 

a  Tha  standard  deviation  of  tha  VCRs  should  ba  lass  that  O.M  or  addltloaal  pilots 
ahould  ba  eaployed,  or  tha  groeurlag  activity  nay  daalgaata  tha  required 
upgrade.  Tha  caveat  la  Included  to  allow  tha  raaoval  of  an  aaoaaloua  rating 
which  My  occur,  for  aaaagla  duo  to  a  pilot's  graconcalvad  notloa  regarding  a 
particular  display. 

Note  that  It  la  not  oacssaary,  or  avau  desirable,  to  tost  tha  display  la  tha  prototype 
aircraft.  Tha  handling  qualltttes  of  such  an  aircraft  are  raaraly  wall  known,  the 
display  My  ba  raady  for  tasting  hafora  tha  tost  aircraft,  aad  It  la  not  desirable  to 
tin  up  a  prototype  teat  aircraft  to  evaluate  displays. 

T.  RtQOIEIMlETg  POE  mrtottb  VllOdL  DHPLEYt 

Ea  noted  above,  tha  use  of  control  augaantatloa  to  offaat  a  degradation  la  visual 
cuolng  rapraaanta  a  conproalee  In  which  agility,  and  aggracalvanasa  are  sacrificed.  k 
battar,  albalr  not  currently  attainable,  solution  la  ea  provide  a  display  with  adequate 
f leld-of -view  and  range  for  positional  awareness,  and  nlcrotoxtura  for  control  and 
stabilisation. 

Thu  lapllcatlon  of  tha  results  presented  herein  is  that  aicrotcatura  la  an  laportant 
cue  which  aunt  ba  quantified  In  order  to  davalop  naanlagful  display  raqulrananta.  Such 
quantification  would  be  couched  In  tarns  of  tha  aodulation  transfer  function  (HTF)  which 
characterises  alcrotexture  in  terns  of  spatial  fraquancy  (Q),  and  tha  aodulation  of  the 
lnage  (Eaf.  11).  The  aodulation  of  tha  laago  la  aeasurad  as  tha  difference  In 

Intensities  between  the  paaka  aad  tha  troughs  across  the  apectrun  la  the  visual  field. 
Ranee  the  contrast  of  tha  alcrotexture  can  be  quantified  In  tarns  of  the  depth  of 

aodulation. 

The  resulting  display  requlreaenta  night  appear  as  shown  In  Pig.  11.  Tha  upper  Unit 
of  the  required  aodulation  depth  la  based  on  the  aaxtaua  capability  of  tha  hunsn  eye  as 
aaasured  by  Van  Mass  and  Eounan  (Eaf.  12).  The  lower  Halt  Is  an  astlaata  since  data 
are  not  available,  Slallerly,  tha  desired  range  of  spatial  frequencies  la  e  rough 
estlaata,  cantered  about  the  fraquancy  of  the  cracks  in  the  lakabad  (at  a  range  of 

20  ft.  froa  the  pilot's  aye)  available  on  tha  tent  course  In  tha  Eaf.  1  experiment  (see 
rig.  5t).  Tha  lower  curve  In  rig.  IS  "explains"  how  sons  pilots  achieve  20/20  visual 
acuity  with  the  lenses  fogged.  That  Is,  there  was  probably  sufficient  depth  of 

aodulation  at  a  spatial  fraquancy  of  one  arc-olnute  to  distinguish  the  letters  on  the 
eyechart,  but  not  to  acquire  the  information  required  for  precision  hover  aaneuvers. 

Lacking  precise,  quantitative  measures,  such  as  tha  aodulation  transfar  function, 
the  VCE  seals  (fig.  1)  has  been  derived  to  aaaeura  tha  usable  cue  snvlronaant  In  teras 
of  tha  ability  to  Muauver  aggreestvaly,  Tha  results  of  these  exparlaents  Indicate  that 
tha  seals  la  reasonably  successful,  and  on  that  basis,  la  used  to  define  the  useable  cue 
environment  aeaoclated  with  a  given  display  or  vision  aid.  It  was  found  that  strict 
adherence  to  naklng  aseasenents  based  on  the  level  of  achievable  aggressiveness,  as 
opposed  to  the  pilot's  qualitative  evaluation  of  tha  available  visual  cuas,  is  necessary 
when  using  the  scale. 


Figure  IS 


Proposed  Generic  Fora  of  the  Esquired  Region 
of  Visual  lotoraetloa  for  Hovar 
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vt.  coacLoaioM 

The  following  conclusions  suaasrlss  cht  develop. ent  of  the  criterion  developed  In 
this  paper. 

•  There  la  considerable  evidence  that  nicrotasture  le  a  prlaerp  cue  for  control 
and  stabilisation  In  hovar  end  low  speed  flight. 

o  Plald-of -view  la  of  secondary  iaportance  to  aicrotaxture  for  control  end 
stabilisation,  although  It  nay  be  highly  significant  for  positional  awareness. 
Kaperlaental  data  shows  that  the  30  dag  2  lald-ef-view  available  on  the  PVS-6 
night  vision  gogglas  la  adequate  for  control  and  eteblllaatlon. 

•  It  la  possible  to  satlaate  the  af f actlveneaa  of  a  display  In  tarna  of  the  vlaual 
cue  rating  (VO)  scale,  and  the  raeulting  usable  cue  environ. eat  (UCt).  Theea 
ratlnga  nay  he  uead  to  assets  the  need  for  additional  stability  augnentatlon  via 
the  criterion  developed  herein. 

a  It  le  poealble  to  aakaup  for  lottea  in  visual  cuaa  with  attitude  aguwentat Ion. 

•  The  use  of  attitude  augnentatlon  to  aakeup  for  display  deficiencies  (l.e,, 
Insufficient  nicrotasture)  ueually  reaults  in  a  loss  of  agility.  Therefore,  It 
le  nore  desirable  to  inprove  the  visual  cueing  than  to  nakaup  for  e  Ions  In  such 
cueing  via  augnentatlon. 

•  It  would  be  deelrable  to  develop  a  nore  quantitative  .aerie  to  evaluate 
displays-  for  atanple,  the  raqulranant  could  be  stated  In  terns  of  an 
acceptable  region  on  a  grid  of  depth  of  nodulation  va.  spatlsl  frequency. 
Research  needs  to  be  aeconpllshed  to  deternlne  this  region. 
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SUMMARY 

Tha  attttuda  In  tha  rotorcraft  Industry  towards  stnulator  applications  during 
helicopter  da-elopaent  work  has  haan  changing  f  undanantal ly  in  tha  past  dacada.  Nora  and 
aora  danandlng  daslgn  ruquiraaants  for  futura  halicoptar  systems,  and  tha  afforts  to 
raplasa  currant  helicopiar  flying  qualities  criteria  by  naw  spaci f icat ions  allowing  for 
mission-oriented  handling  qualit<ct3,  hava  significantly  upgraded  tha  rola  of  siaulatton 
in  the  design  process.  Raiid  advances  In  recant  years  in  tha  level  of  sophistication  and 
fidelity  of  aodarn  groui.  i  -based  simulators  hava  bean  major  contributions  to  this  change. 

Man-ln-tha-loop  real-time  simulation  for  tha  design  and  system  Investigation  of 
advanced  lircraft  I*,  applied  in  tha  MBB  fixed-base  flight  simulation  canter,  both  for 
fixed-wing  and  rotorcraft  simulation.  The  simulation  facility,  which  presently  comprises 
a  basic  three  channel  CGI  visual  system  with  collimator  projection.  Is  being  expanded  by 
installation  of  a  no  powerful  8  channel  CGI  system  with  six  light  valve  projectors 
providing  an  extends-  r i eld-of-v i aw  on  the  Inner  surface  of  a  sparlcal  done.  The  visual 
system  takas  into  account  various  hcl I coptar-spac i f i c  requirements  ouoh  as  a  topo¬ 
graphical  data  base  with  highly  datailad  low  level  visual  flight  cues  for  NOE  missions, 
sensor  image  presentation  (a.g.  1R,  L  L  LTV )  with  salectxble  f I elds-of-v i eu,  two 
indepandently  controllable  viewpoints  for  two  ernwmanbers.  and  tha  selection  of  different 
moving  objects  superimposed  on  the  scene.  These  features  make  it  particularly  suitable  to 
analyze  mission  raqu < rements .  and  to  investigate  config  ration  design  and  system  layout. 

Tha  increasing  -ilot  workload  a. id  environmental  conditions  of  lod.rn  military 
halicoptars  nacasa  tata  detailed  assessment  ct  -ockpit  designs  with  regard  to  controls 
and  displays.  Tha  optimization  must  be  performed  at  the  Initialisation  of  tha  concept  to 
ensure  a  harmonic  daslgn  with  minimum  pilot  Workload.  Tha  status  of  tha  MBB  flight 
simulation  facility  is  examined  mure  closely  In  the  lecture  in  light  of  t  iese  challenging 
requirements.  Projections  of  the  farther  davc  lopmei.c  of  the  simulatirn  center  components 
".re  depicted,  defin'ng  priorities  os  thsy  art  seen  by  the  conpany.  Consequences  are 
outlined  that  have  to  be  considered  when  orpanlzing  urogram  logistics  in  order  to 
guarantee  the  succees  uf  simulation  investigations. 


1.  INTRODUCTION 

In  the  pest  decade,  requlr-iants  for  the  design  and  davalopmant  of  futura  rotorcraft 
haw  -iriancad  a  tremendous  changa.  Naw  oparational  mission  raqv t rammnts  evolve  from 
tha  v  tiding  rola  of  tha  halicoptar  and  from  tha  changing  battlafleld  scenario.  New 
cockf i  .-related  technologies,  ilka 

-  cockpit  displays 

-  visual  aids  (sensors) 

-  iaprnvad  cockpit  control  devices 

-  all-aab  racing  on-board  data  handling 

maku  the  next  generation  halicoptars  technically  even  more  complex  than  they  wars  before. 
Recant  prop  rss  in  rotorcraft  technology  has  evoked  a  variety  of  sophisticated  concepts 
projected  to  overcome  the  restriction!  of  today's  rotorcraft  configurations.  The  most 
promising  arm 


-  hingeless  rotor  helicopters 

-  compound  helicopters 

-  tilt-rotor  aircraft 

-  X-wing  aircraft 

-  ABC  helicopters. 

All  these  concepts  have  created  a  lot  cf  naw  problems  which  hava  to  ba  solved  <r, 
futurr  work.  This  has  significantly  upgraded  the  rola  of  simulation,  which  is  now  more 
and  more  used  as  an  i nd i ipensi ble  and  valuable  engineering  tool  in  the  rotorcraft  design 
process  (11  .  Rapid  advances  In  recant  years  in  the  laval  cf  sophistication  and  fidelity 
of  aodarn  ground-based  simulators  wars  major  contributions  to  this  trend.  On  tha  other 
hand,  tha  naad  to  apply  simulation  aathoda  In  advanced  helicopter  development  clearly 
reouires  advanced  slaulatto'  methods  themselves.  High  flexibility  in  rotorcraft 
s  atlon  equipment  is  nanu.d  to  allow  for  feasibility  and  trade-off  studies  and  for 
frequent  changes  resulting  from  design  and  davalopmant  ttarations. 
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Flight  simulation  la  used  today  In  a  vaat  flald  of  applications.  ranging  from 
fundamental  raaaarch  in  scientific  Inatltutlona  to  simulations  aarfernod  by  tha  final 
cuatoaar  to  do  oparatlona!  flight  planning  or  pilot  training  (Fig.  1.1).  In  tha 
rotorcraft  Industry,  flight  oteulatien  Is  arpliad  during  various  levels  o{  tha  doslgn  and 
development  process.  Tha  status  of  tha  HBR  flight  slaulatlon  facility  will  bo  aaaplnad 
■ora  closaly  in  tha  contaat  of  tha  challonglng  requirements  llstad  aboyo.  Projections  of 
tha  furthar  development  of  tha  slaulatlon  cantor  consonants  util  bo  depicted,  daftnlng 
prlorltla*  as  they  are  sann  by  tha  eoapany.  Consequence*  Kill  ba  outlined  that  have  to  ba 
consldarad  uhan  organising  prograa  logistics  In  order  *0  guarantee  tha  auscass  of  tha 
slaulatlon  Investigations. 


2.  ARCHITECTURE  OF  THE  MSB  FLIOHT  SIMULATION 

Flight  slaulatlon  Is  used  to  ruproduca  the  characteristics  of  any  given  aircraft  by 
■aans  of  technical  oaulpaant  at  places  other  than  tha  original  surroundings.  In  this 
lecture,  ua  Mill  concentrate  only  on  ground-baaad  slaulatlon  Methods,  lading  out  tha 
special  capabilities  of  In-fltght  simulators. 

Modern  ground-based  simulators  usually  comprise  slaulatlon  of  notion,  visual  and  aural 
cues  to  provide  tha  aost  realistic  stimulation  of  tha  pilot's  sansoral  receptors.  A 
representative  slaulatlon  cockpit,  providing  adequate  space  and  f I ald-of-v I  aw.  cockpit 
displays,  operation,  and  control  alaaants  to  the  flight  crau.  Is  coeaonly  used.  Several 
other  coaponants  ara  needed  to  accomplish  the  simulation  process,  so  today's  flight 
simulators  have  grown  to  be  comprehensive  and  coaplex  slaulatlon  centers  or  labo-atorles. 
employing  their  own  staff.  In  light  of  tha  continuous  evolution  in  aircraft  engineering, 
such  flight  simulation  facilities  are.  and  have  to  be.  constantly  changing  and  dynamic 
entitles  121  .  Although  this  challenge  Is  at  Present  aore  often  realised  in  the  fixed- 
wing  industry,  tha  rotorcraft  Industry  obviously  must  begin  to  follow  this  evolutionary 
organisational  quantua  leap  as  well. 

At  HBB  Munich,  both  fixed-wing  and  rotorcraft  branches  use  tha  sane  simulation 
laboratory.  Thus  they  simultaneously  taka  advantage  of  the  technological  developments 
which  ara  continuously  being  incorporated  into  tha  slaulatlon  facility.  For  bettor 
understanding  of  the  application  of  flight  simulation  in  anglnearing  tasks,  we  will 
start  with  a  discussion  of  the  different  components  of  the  HBB  Flight  Simulation  Center 
(Fig. 2.1). 


2.1  HELICOPTER  SIMULATION  MODEL  /  SIMULATION  COMPUTER 

Briefly  speaking,  technical  simulations  ara  based  on  mathematical  descriptions  of 
physical  and  mechanical  processes  by  aeans  of  aquations  of  notion.  All  force  and  aomant 
producing  systems,  subsystem,  and  components  of  the  aircraft  have  to  ba  considered  and 
represented  in  tha  mathematical  simulation  model  (Fig. 2. 2).  In  the  slaulatlon  computer 
this  universal  aatheaitlcal  description  of  the  dynamic  behaviour  of  the  aircraft  Is 
organised  In  a  generic  program  structure  which  may  be  used  for  any  given  type  of  aircraft 
without  adaptation.  By  use  of  different  data  sets  for  geometries,  masses,  Inertias,  and 
aerodynamic  characteristics,  the  program  may  be  easily  and  quickly  matched  to  any 
aircraft  to  be  simulated. 

This  has  been  prepared  at  HBB,  both  for  ftxed-wtng  aircraft  and  for  rotorcraft.  The 
needs  of  piloted  simulations  are  net  by  real-trine  processing  of  the  mathematical  modal 
equations  on  a  simulation  computer  that  is  capable  of  parallel  processing.  As  a  typical 
exaaple,  all  rotor  blade  aerodyr.aalc  and  dynamic  computations  are  calculated  in  parallel 
(Fig.  2.3).  Due  to  its  nodular  structure,  additional  aircraft  components  may  be  modelled 
end  attached  to  the  generic  prograa  without  great  effort.  Thus  flexibility  required  to 
allow  for  the  addition  of  any  new  aircraft  component  Is  ensured. 

Simulation  software  development  will  continue  to  be  a  never-ending  task.  On  the  one 
hand,  progress  In  rotorcraft  simulation  aodelllng  demands  continuous  adaptation  of  the 
program  state-of-the-art.  So  tha  generic  model  has  to  ba  furnished  with  new  routines, 
a.g.  for  Automatic  Flight  Control  Systems,  weapon  simulation,  or  models  for  the 
simulation  of  new  concepts  like  tilt  rotor  or  X-wIng. 

On  the  other  hand,  the  tremendous  Increase  of  airborne  software  promises  new  cockpit 
technologies  like  artificial  Intelligence  in  the  cockpit.  Software  check-out  and 
validation  la  urgently  needed  as  well  as  adequate  software  development  systems  which  make 
the  simulation  process  directly  accessible  to  the  design  engineer. 

As  in  eany  other  coapanles,  off-line  engineering  simulations  at  HBB  Munich  are  usually 
run  on  coaputar  systems  other  than  those  used  for  real-time  simulation.  This  is  due  to 
the  different  requirements  of  both  simulation  methods.  Therefore,  in  order  to  guarantee 
tha  compatibility  of  siaulation  softwara  and  data  sets  on  all  systees,  well-  defined 
software  concepts  Including  the  consideration  of  software  portability  are  imperative. 

And,  most  Important  but  also  aost  neglactsd,  excellent  orogram  documentation  is  a  factor 
of  softwara  development  which  shows  Its  payoff  only  in  long-tern  application. 
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In  tha  U.S.i  thaaa  daaand*  lad  to  tha  Dapartaant  af  Dafanaa  (DQD)  mandate  for  tha 
future  usa  of  tha  ADA  eoaputar  lanpuaga  for  all  Million  Critical  Propraaa  IS)  .  An 
laplaaantatton  prograa  which  alaa  for  tha  uga  of  ADA  as  tha  programming  languaga  for 
alaulators  hy  1»B7  has  baan  Issued*  and  US  Aray  and  Navy  hava  announcad  plans  for 
Intarnal  craw  training  to  aaat  tha  ADA  raauirapant.  lloMavari  as  tha  development  risk  of 
changing  an  existing  coaprchanslva  software  packaga  to  a  nan  prograa  languaga  la 
constdarad  to  ba  too  hlgh>  no  affort  la  at  prasant  balng  takan  at  NBB  to  laplaaant  any 
nan  hlghar-ordar  languaga. 


2.2  SIMULATION  COCKPITS 

In  ordar  to  provtda  tha  flight  crau  with  a  raprasantatl va  cockpit  anvtronaant  utth 
relevant  apaca  and  f lald-of-vlew  proportions!  cockpit  displays!  oparatlon.  anJ  control 
alaaantsi  a  nuabar  of  Intarchangaabla  flight  alaulatton  cockpits  Is  usually  available  at 
flight  aiaulatlon  canters.  They  ara  equipped  with  the  appropriate  instruaentatlon  and 
connections  and  aay  ba  prepared  and  aada  available  for  roal-tlaa  aiaulatlon  runs  within  a 
short  tiaa.  For  basic  Investigations  and  prallatnary  studies  In  early  project  phases  It 
Is  oftentlaas  sufficient  to  usa  a  standard  cockpit  assaably.  Therefore*  a  BolOS  fuselage 
(Fig. 2. 4)  was  tha  first  aiaulatlon  cockpit  which  was  usad  Intensively  at  NBB  for 
siaulatlon  aodel  validation  and  fundaaantal  Investigations  (4)  .  This  la  an  original 
prototype  aircraft  froa  flight  test  with  prlaary  flight  controls  and  conventional 
instruaant  panel*  equipped  and  aodlfiad  for  aiaulatlon  purposes.  However*  tha  aatn  and 
tall  rotor*  the  tall  boon*  and  tha  anginas  hava  baan  raaovad  for  batter  handling  In  tha 
facility. 

For  detailed  Investigations*  aay  In  tha  project  davalopaant  phase*  construction  of  a 
raprasantat I va  siaulatlon  cockpit  is  Indlspensiblo.  In  Fig. 2. 5*  tha  aiaulatlon  cockpit 
for  the  next  generation  anti-tank  helicopter*  PAH-2*  is  presented.  This  Is  a  spacial 
purpose  mcckup  which  had  to  ba  fabricated  to  achlava  the  characteristic  narrow  width 
and  tha  typical  llaltatlons  In  tha  f teld-of-vtaw  of  a  tandaa  seat  tactical  helicopter  In 
siaulatlon.  At  present*  this  cockpit  Is  fitted  with  conventional  flight  inatruaants*  but 
In  the  next  davalopaant  stage  up-to-data  aul 1 1 -f unct I  on  displays  and  vtstonlcs  will  ba 
Included.  Tha  siaulatlon  tool  has  already  baan  usad  in  tha  recant  feasibility  and 
pre-daf initlon  phase  of  this  project. 

Many  cockpit  hardware  coaponants  are  not  conpletaly  specified  In  tha  early  project 
Phases*  nor  necessarily  available.  In  ordar  to  sake  simulations  feasible  In  thewe 
davalopaant  stages*  it  is  frequently  necessary  to  Install  prallatnary  'techani  sat  i  ons 
which  nay  dlffar  widely  froa  tha  later  hardware  I aplaaantat I ons .  Tha  true  characteristics 
of  those  coaponants  aay  than  ba  aat  by  adopting  tha  software  aodals  appropriately  151  . 

In  today’s  flight  siaulatlon  canters*  tha  trend  Is  pointing  toward*  tha  oparatlon  of 
standard  I  tad  aiaulatlon  cockpit  platforas  furnlshad  with  cockpit  controls  with  variable 
control  loadings  (alactroaachanl cal  or  hydraulic  control  forces  simulation’*  and 
intarchangaabla  flight  I nstruaantat 1  on .  Modern  digital  cockpit  display  techniques  which 
ara  used  in  the  new  generation  aircraft  to  achlava  flexibility  In  flight  status 
presentation*  contribute  to  tha  progress  in  siaulatlon  technology  davalopaant.  Space  and 
f ield-of-vlew  proportions  aay  ba  adjusted  by  aountino  sockup  constructions  and  blinds  so 
as  to  allow  for  quick  and  low-prlcad  configuration  changes.  In  Fig. 2. t  an  exaaple  of  such 
a  cockpit  aockup  Is  shown  which  Is  presently  used  at  MBB  for  basic  studies  for  cockpit 
layout*  investigations  for  display  and  oparatlon  concepts*  and  the  davalopaant  of  new 
cockpit  control  systeaa. 


2.3  MOTION  ✓  ACCELERATIONS  SIMULATION 

Tha  pilot's  evaluation  of  flying  qualities  Is  pradoalnantly  based  on  tha  stipulation 
of  his  various  sensory  recaptors.  For  that  reason*  Batura  flight  siaulatlon  canters 
coaprisa  aotional  and  visual  Inforaation  with  additional  sues*  such  as  acoustic  signals. 
For  a  long  ties,  requirements  for  an  adequate  slaulation  of  accelerations  and  visual 
scene  display  formed  tha  most  relevant  handicaps  for  stsuleting  rotorcraft  dynamics  in 
real  tiaa. 

Considering  the  naw  generation  of  high  performance  computers  with  their  outstanding 
computing  capacities*  these  restrictions  lose  thalr  Importance  more  and  more.  Howaver* 
tha  Immense  Investment  costs  oftentimes  force  tha  decision  to  Install  either  a  notion  or 
a  visual  simulation  system*  and,  unfortunately,  there  Is  still  no  definite  answer  as  to 
which  aathod  Is  the  aost  important  one  lit  . 

Decision  has  baan  takan  at  tha  NBB  flight  siaulatlon  center  to  put  first  priority  on  a 
good  visual  system*  to  the  disadvantage  of  notion  simulation.  So  the  'cllitv  is  equipped 
with  no  sore  than  a  one-axla  vertical  acceleration  hydraulic  system*  allowing  fo,-  tha 
simulation  of  z-loads*  Ilka  vibrations*  turbulence*  or  buffeting,  up  to  ±2  g.  Further 
parformanca  improvement  will  ba  achieved  in  tha  vary  near  futura  by  nrov<  .ing  an  off-the- 
shelf  g-cuaing  suit  for  the  siaulatlon  pilot. 
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2.<  COMPUTII  BBMtBATID  XNABIBY  (C8I) 

Major  requirements  for  visual  ilaulitlon  of  out-of-the-wlr.dow  real-world  s.-enes  derive 
froa  two  dlffaront  factors)  Firstly,  tha  overwhelming  parforaanea  capabilities  of  the 
huaan  era,  and  secondly,  tha  oparatlonal  flight  raglaas  and  alsalona  of  tha  respective 
aircraft  that  la  to  ha  slaulatad  HI  .Ha  will  leave  out  hara  tha  discussion  of  tha 
fundamentals  of  tha  huaan  visual  parcaptlon.  as  thay  have  bean  addrassad  In  several 
excellent  publications.  Ilka  a.g.  17.81. 

Hhan  ua  consldar  tha  hallcoptar-spael f Ic  flight  raglaa.  visual  scana  simulation  In 
particular  raqulras  a  high  -reso  lut 1  on  ulda-angla  f 1 eld-of-v I  oh  (FOV).  rialtcoptars 
typically  fly  low  and  slow,  and  '•Nap-of-the-Earth*  (NOE)  has  bacoaa  a  well-known  torn  to 
describe  tactical  noint-to-point  flying  and  hovar  oparatinns  in  closa  ground  proxtalty 
(Fig. 2. 7).  Horaovor.  staap  taka-off  and  landing  procaduras  also  censtltuta  typical 
hallcoptar  flight  prof  I  las.  Tha  anvlronaant  far  tho  pilots  flying  thusa  missions  la  rich 
in  datall.  and  tarrsln  faaturas.  as  wall  as  tha  visibility  factors  of  weather  and 
darknass.  ara  alaaanta  of  tha  anvlronaant  that  aay  significantly  affact  tha  hallcoptar 
pilot's  task  171  . 

Other  vltrl  daaands  for  a  larga  FOV  ara  posad  by  tha  outstanding  ability  of 
hallcoptars  to  yaw  rapidly.  Basad  on  pilot's  plntaua  pravlau  tlaas  for  obstacla 
avoidanca.  and  dependant  on  tha  actual  yaw  rata  as  well  as  on  tha  roll  attitude,  tha 
visual  scana  aust  cover  obstacles  that  ara  soae  dagraas  ahead  In  tha  projected  flight 
path  axiauth.  Piloted  slaulatien  of  quick  stop  aaneuvars  for  a  fast  transition  froa 
forward  to  hovar  flight  or  tha  recovery  froa  autorotation  Is  alaost  unacceptable  when 
visual  cues  gat  coaplataly  lost  at  larga  nosa-up  pitch  attitudes  because  of  tho 
liaitattons  In  tha  vertical  FOV. 

Since  tha  early  70s.  tha  technique  to  ganarato  coaputar  laagary  has  bean  constantly 
laprovad.  This  technology  now  aeons  to  hava  reached  a  point  where  It  can  supply  all  tha 
dastrad  details,  tha  Halting  factor  for  a  coaaon  use  of  those  systaas  now  as  before 
being  tha  high  final  costs  1101  .  In  coaputar  laagary  generation  systaas  (CI6)  tha 
tnforaatlon  about  tha  physical  dlaanstons  of  tha  scana  surrounding  tha  aircraft,  such  as 
terrain,  buildings,  trass,  and  dlvarsa  artifacts,  la  stored  in  a  computer's  aaaory.  Tha 
scana  Is  continuously  processed  to  oaka  tha  pilot  faal  that  ha  files  through  the 
seanarlo.  Therefore,  gaoaatrlc  transf oraat I  on  algorithm  ara  used  which  taka  into  account 
tha  aircraft's  thraa-diaonslonal  position  In  space.  Its  attitudes  and  velocities. 
Corresponding  to  tho  pilot's  aoaantary  f i ald-of-v I  aw .  tha  out-of-tha-wl ndow  sight  Is 
generated  and  displayed  In  raal-ttaa  in  front  of  tha  simulation  cockpit. 

Tha  geographic  area  to  be  aodallad  la  practically  Halted  only  by  tho  aaaory  capacity 
and  tha  spaad  of  tha  coaputar.  Tha  vast  aajortty  of  tha  scana  Is  invisible  at  any  one 
tlaa.  Including  what  Is  behind  tha  aircraft,  what  Is  too  far  ahead  to  ba  visible  or  what 
is  hidden  behind  aora  proalnant  faaturas  In  tha  line  of  sight  till  .  Nevertheless,  the 
level  of  detail  of  the  imagery  Is  Halted,  as  tha  display  has  to  ba  generated  dynaatcally 
In  raal-ttae.  bringing  into  discussion  such  tarns  as  'refresh  rate'  and  'update  rata'  of 
tha  picture. 

In  Fig.  2.8.  an  airfield  la  shown  as  It  is  prasantly  lapleaanted  In  tha  HBB 
COHPU-SCENE  II  visual  system.  This  is  a  Genaral  Electric  three-channel  system  with 
Color-TV  type  projection,  where  tha  three  optical  axes  aoot  In  tha  pilot's  ayepoint. 
defining  a  f lald-of-vtew  (FOV)  of  24*  vertically  by  106*  horizontally.  Collimator  lenses 
are  installed  between  tha  pilot  and  tha  display  screens  In  order  to  aaka  the  light  rays 
parallel  as  If  they  ware  reflected  froa  Infinity.  Tha  system  allows  the  generation  of  up 
to  8.00C  adgas  par  scene.  Various  visibility  conditions,  such  as  haze.  fog.  clouds,  and 
day-,  dusk-,  and  night-tlaa  aay  be  siaulated.  Tha  iaage  Is  processed  with  a  refresh  rate 
of  30  Hz,  rewriting  the  scene  every  33  milliseconds.  Fig.  2.7  gives  an  iapresslon  of  the 
BolOS  simulation  cockpit.  Integrated  In  tha  projection  system  asseably. 

At  present,  HBB  Munich  Is  iaprovlng  Its  flight  simulation  center  with  the  next- 
generation  COHPU-SCENE  IV  done  projection  systaa  (Fig. 2. 10).  Tha  new  system  will  be 
ready  for  use  in  early  1787.  bringing  a  remarkable  Improvement  of  tha  visual  scana 
display  characteristics) 

f.l«ld-ttf-V,l,«HI  Compared  to  tha  FOV  of  tha  former  systaa.  a  considerable  extension  of  tha 
overall  FOV  will  ba  achieved  by  using  4  indapandent  projection  channels  (Fig.  2.11).  It 
will  extend  115*  vertically  by  140*  horizontally,  which  will  seat  tha  requirements  of 
hallcoptars  such  batter.  Projection  Is  perforaed  froa  tha  outside  onto  tha  reflective 
inner  surface  of  a  sphere  of  10  a  diaaatar  (Fig.  2.12).  By  adding  two  aora  projection 
systaas  there  is  a  future  optional  FOV  expansion  to  150*  by  300’. 

S«Btng_Ar«»,l  U.s.  Defence  Mapping  Agancy  (DMA)  geographic  Information  is  used  to  generate 
a  landscape  zodel  of  200  by  200  nautical  alias.  This  anvlronaant  will  Include  areas  of 
farmland,  rolling  terrain,  desert  and  ccaan  regions  (Fig.  2.13),  as  well  as  airfields, 
buildings,  trees,  and  other  apodal  features  (Fig.  2.14).  An  additional  data  bass 
daslgnad  for  helicopter  operation  will  ba  Included.  This  data  base  will  ba  of  such  higher 
scene  density  to  support  tha  lower  and  slower  flight  regime  of  rctorcraft  vehicles.  It 
will  contain  the  trees,  bushes,  and  ground  clutter  necessary  to  aeet  the  stringent 
visual/sensor  requiraaenta  of  balow-traatop  height  flight  maneuvers. 
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Ttutiir  Inn  i  Extensive  use  Mill  be  made  of  call  texture  maps  which  will  ba  developed  fro* 
photograph* i  models  and  tha  uaa  of  notaa  patterns.  A  library  of  oanarlc  aurfacaa  Ilka 
scrubland)  dasarti  baach>  faraland,  foraatt  roadai  ganartc  sky/cloud  pattarna  (Fig. 2. IS)* 
and  special  highly  datatlad  shapas  of  traaa  (showing  even  single  leaves)*  butldingsi 
and  rocky  clutter  will  ba  available.  Other  effects  will  Include  curved  surface  shading  In 
order  to  guarantee  a  good  thrae-dlpanslonal  perspective*  sun  Illumination  as  a  function 
of  tlPe-of-day>  and  weather  Influences. 

Moving  Objects*  Moving  aodels  of  various  aircraft  (Fig.  2.15)>  tanka*  trucks*  and  trains 
will  ba  modelled  to  be  inserted  at  any  desired  position  In  tha  scans.  Independent  motion 
may  be  supplied  in  tha  simulation  program  to  make  those  objects  move  around  tha  scans. 
Disintegration  of  certain  targets  will  be  available  to  simulate  tha  effects  of  explosions 
and  weapon  Impact. 

Sensor  Option)  Tha  Image  generator  will  provide  the  capability  of  sensor  simulation 
through  dynamic  change  of  color  tables  and  f leld-of-view  In  order  to  provide  typical 
Infra-rad  (IR)  or  low  light  level  TV  (LLLTV)  sensor  Images  (Ftg.  2. It).  Those  views  are 
then  to  be  displayed  on  the  respect! ve  displays  In  tha  simulation  cockpit. 

Independent  Viewpoints!  The  Image  Generator  will  ba  capable  of  providing  tha  visual  scene 
for  two  viewpoints  with  each  viewpoint  having  indapandant  notion.  Either  viewpoint  will 
be  assignable  to  any  display  channel  and  capable  of  displaying  either  sensor  and/or 
out-of-tha-window  visual  scenes  within  tha  active  data  base. 

Based  on  the  features  of  tha  COMPU-SCENE  IV*  it  can  ba  seen  that  the  visual  simulation 
state-of-the-art  is  now  obviously  approaching  a  near  photographic  appearance  111)  . 


2.5  PERIPHERAL  SYSTEMS 


In  the  HBB  flight  simulation  facility*  the  CGI  projection  dona  and  tha  simulation 
cockpit  are  in  a  room  by  themselves*  and  as  ara  tha  simulation  and  tha  visual  system 
computers  (Fig.  2.1).  There  is  a  separate  simulation  control  room  which  contains  tha 
associated  computers*  displays*  and  recording  devices  for  supervising*  monitoring*  and 
recording  tha  simulation  flights  (Fig.  2.17).  From  tha  control  room*  tha  simulation 
anglnaor-in-charge  can  also  manipulate  the  simulation  process  so  as  to  introduce  certain 
malfunctions  of  diverse  rotorcraft  components  (a.g.  engine  failure*  tail  rotor  loss)* 
change  weather  and  visibility  conditions  on-line,  move  around  target  objects  ate.  Tha 
driver  electronics  far  the  digital  cockpit  displays,  as  wall  as  tha  spectra  generators 
for  buffeting  and  turbulanca  inputs  to  the  hydraulic  g-load  system  are  Installed  here. 
Cabin  noisa  ts  another  signal  which  will  ba  generated  here  and  fed  Into  the  simulation 
cockpit  loudspeakers  or  pilot's  earphones.  And*  last  but  not  least*  an  interr.m  system 
to  be  installed  will  ensure  effortless  communication  between  the  simulation  engineer* 
the  pilot*  and  all  other  personnel  Involved. 


Data  transfer  between  the  simulation  computer  and  the  simulation  cockpit  Is  organized 
via  an  interface  computer  which  controls  all  the  necassary  signal  transformations 
(digital/analog*  analog/digital*  dlgltal/synchro*  etc.).  From  here  the  cockpit 
instruments  are  driven  and  supplied  with  power*  and  from  here  the  measured  cockpit 
control  positions*  switch  positions*  and  all  other  pilot's  hardwara  actions  are  digitized 
and  supplied  to  the  simulation  computer.  The  Interface  computer  Is  also  capable  of 
driving  different  data  busses  (ARINC*  MIL)  which  now  more  and  more  form  part  of 
rotorcraft  systems  (such  as  fly-by-wire  flight  control  systams). 


In  the  near  future*  a  separata  program  development  and  data  analysis  workstation 
will  ba  added  to  tha  helicopter  installation  equipment  in  order  support  pra-  and  post- 
simulation  off-line  work  (Fig.  2. IS). 


2.6  INTEGRATION  RIB 

The  term  integration  rig  describes  hardwara  mountings  or  racks  where  existing  hardware 
components  of  the  aircraft  are  continuously  being  installed  and  tested  In  the  course  of 
the  development  process  In  a  simulated  environment.  Frequently*  tha  mathematical 
simulation  modal  of  tha  different  rotorcraft  consonants  represents  the  complex 
characteristics  of  the  systaa  components  only  moderately  well.  They  are  therefore 
successively  replaced  by  existing  equipment  until  total  system  Intagration  with  signal 
flows  representative  of  tha  final  aircraft  is  achieved.  This  Implementation  Includes  tha 
Incorporation*  as  early  as  possible*  of  hardware  components  such  as  flight  control 
systems*  avionics*  vlslonlcs*  hydraulics*  etc.*  with  their  true  physics  and  dynamics  In 
tha  simulation  process.  Or*  vice  versa*  this  serves  to  drive  the  Installed  and  linked 
units  with  the  coapletast  possible  set  of  dynamically  coupled  aircraft  systaa  parameters. 

The  controversy  of  coupling  steulatlon  facilities  and  integration  rigs  Is  still 
unresolved.  A  hardwara  integration  rig  Itself  la  an  exceedingly  complex  system*  with 
major  elements  being  the  baste  helicopter  rig*  the  hardware  equipment*  tha  Integration 
rig  computer*  and  the  associated  Integration' software.  More  failures  and  problems  have  to 
be  expected  (and  American  experience  acknowledges  this)  whan  we  endeavor  to  connect  this 
rig  with  an  squally  complex  flight  simulation  laboratory.  Despite  tha  great  effort  being 
Invested*  these  large-scale  facilities  may  not  ba  utilized  effectively. 
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An  oktMtuiln  bitttr  solution  Is  to  run  both  assaabltaa  Independently >  end  to  Install 
only  part  of  tha  eoulpnent  as  'hardwara-ln-tha-loep'  1121  .  to  In  tha  PAH-2  davalopaent 
phase  slaulatlon  It  Is  planned  to  connect  at  1-aat  the  AFCS  laboratory  saaple  via  bus 
systaas  to  tha  slaulatlon  cockpit  and*  therefore*  to  tho  alaulatton  coaputer.  The 
Integration  rig  eoaputer*  on  tha  athar  hand*  will  Include  a  atapllftad  rotorcraft 
slaulatlon  aodel*  bated  an  linearised  aauatlona  of  notion.  Thla  prograa  Mill  be  used 
throughout  tha  Integration  rig  Invaattgatlons  for  the  generation  of  tho  flight  atata 
paraaeters  set  and  for  tha  atlaulatlon  of  the  sensors. 


3.  MB  H1HC0FTER  DUliN  AND  DEVILOPNIMT  SIMULATION 


3.1  SIMULATION  MODEL  VERIFICATION  /  VALIDATION 

Ones  tha  ganarlc  slaulatlon  prograa  has  baan  established*  a  basic  verification  of  the 
aatheaatlcal  aodel  Is  to  be  conductod  to  assure  tha  further  Merits  of  tha  slaulatlon 
application.  This  la  bast  to  be  accoapllshad  for  an  eslstlng  aircraft  by  coaparlson  of 
slaulated  triaaed  states  and  tine  histories  ulth  flight  data*  analysis  of  eigenvalues  and 
eigenvectors*  and  by  pilot  evaluation.  In  order  to  apply  tha  terns  correctly*  we  Mill 
refer  to  the  folloulno  definitions  given  In  111)  > 

T.arJLf.lcj-1-1  nn i  The  coaoaratlve  assaasaent  of  tha  rotorcraft  systea  as  It  Is  slaulated  by 
the  aost  realistic  available  aodel(s).  This  Is  quantified  through  a 
coaparlson  of  tha  rotorr-^rt  aatheaatlcal  aodel(a)  and  the  actual  flight 
vehicle. 

Vail  dot  1  nn i  the  degree  to  which  traniferibl llty  Is  deaonatratad  between  all  aspects  of 
slaulatlon  perforaanca  and  corresponding  aspects  of  flight  perforaance. 
Validation  Involves  all  aspects  of  the  rotorcraft  slaulatlon*  the 
aatheaatlcal  aodel*  and  the  notion*  visual*  and  aural  env I ronaants .  The 
accuracy  of  tha  answers  Is  critical  if  the  slaulatlon  results  are  Intended 
to  quantify  expected  benefits  prior  to  actual  daaonstrat 1  on  In  flight. 

Therefore*  verification  Is  a  necessary  but  not  a  sufficient  aspect  of  the  future 
validation  tasks.  Verification  work  aay  usually  be  taken  to  be  coapletad  whan  the  results 
show  such  good  agreaaant  as  tha  axaapla  given  in  Fig.  3.1. 


3.2  SIMULATION  PREPARATION  AND  L08XSTXCS 

In  the  early  prograa  stages*  slaulatlon  activities  are  usually  characterised  by  trying 
as  best  as  possible  to  slaulata  an  aircraft  which  does  not  yet  physically  exist.  As 
aentloned  above*  work  Is  based  on  a  generic  slaulatlon  prograa  which  has  already  been 
used  for  other  helicopter  types,  as  well  as  on  wind-tunnel  aeasureaents  and  subcontractor 
Inforaation  (e.g.  about  tha  engine  dynaalcs).  In  Fig.  3.2*  an  exaaple  Is  gtvnn  of  how 
slaulatlon  preparations  are  usually  being  perforaed  as  long  as  only  a  Halted  aaount  of 
the  new  systea  paraaeters  Is  aval  labial  but  a  full  set  of  data  Is  required  for  overall 
flight  envelope  slaulatlon.  At  tha  beginning  of  tho  design  and  davelopaent  slaulatlon*  a 
great  deal  of  tha  aatheaatlcal  aodelllng  of  tha  helicopter  has  to  be  done*  based  on  the 
engineer's  experience*  or  by  nooparlqg  tho  new  helicopter  with  known  characteristics  of 
existing  rotorcraft.  This  has  to  be  dona  as  long  as  no  final  specification  of  all 
coaponents  of  the  aircraft  Is  available. 

The  results  of  tha  early  staulatlons  are  therefore  Inevitably  Halted  to  tha  knowledge 
at  the  tiae  of  tha  Investigation  runs.  There  is  no  doubt  that*  with  the  cuaulating 
results  of  the  davelopaent  process*  slaulation  fidelity  will  constantly  iaprove. 


In  order  to  guarantee  the  success  of  future  slaulatlon  investigations*  and  to  achieve 
a  good  lead  tlae  advantage*  logistic  preparations  of  tha  slaulatlon  tasks  should  take 
place  as  early  as  possible  in  tha  prograa.  This  Includes  aanageaant  objectives  scheduling 
end  budgeting*  as  well  as  hardware*  software*  end  data  set  preparation. 

Slaulatlon  at  Its  beat  Is  a  highly  efficient  tool  for  the  design  and  developaent 
engineer*  provided  It  Is  used  In  a  tlaely  and  effective  wanner.  It  is  an  Indisputable 
benefit  that  tha  long-range  I  teas  which  have  to  be  defined  In  tha  different  prograa 
stages*  aay  be  aore  and  aore  based  on  tha  predictions  of  tha  slaulatlon  studies  results. 
However*  It  should  be  well-understood  that  slaulatlon  inevitably  has  to  be  prepared  and 
budgeted  wall  In  edvance  of*  or  in  the  early  part  of  tha  respective  design  and 
davalopaent  phases.  Thus*  slaulatlon  will  always  ba  an  laportant  cost  factor  in  the 
earlier  davelopaent  phases*  because  of  tha  required  hardware  t'nvestaent  and  the  usually 
large  nuabar  of  Investigations  and  trade-off  studies  that  have  to  be  perforaed  then.  And* 
aoreovar*  It  will  show  Its  pay-off  usually  at  the  end  of  the  davalopaent  process*  when 
the  adalnl strators  start  to  review  the  overall  costs  of  tha  project. 
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1.5  APPLICATION  OP  PLIOHT  SIMULATION 

The  bread  ransa  of  application  of  flight  alaulatlon  aaong  roaearch  Institutes, 
Industry  and  custoaor  has  already  baan  outlined  In  Fig. 1.1.  Referring  to  the  different 
Industrial  phases  of  the  rotorcraft  design  and  developaent  process,  the  role  of 
slaulatton  as  It  la  understood  at  NBR  Mill  be  Illustrated  In  the  following  section. 
Although  this  Is  chiefly  related  to  our  coapeny.  aany  of  the  arguaenta  are  valid  for 
any  other  flight  staulatlon  center. 


Feaslbl 1 1  tv  Study.  Apart  froa  the  basic  research  studies  carried  out  for  fundaaantal 
research.  Market  analysis,  and  acquisition,  slaulatton  is  applied,  as  Mas  Mentioned 
before,  vary  early  In  the  course  of  the  design  process  in  order  to  Investigate  the 
feasibility  of  new  flight  vehicle  or  technology  concepts.  This  Is  where  the  target 
specifications  of  the  custoaars  have  to  be  analysed  end  refined  towards  a  requtraaants 
catalogue  which  Mill  serve  as  basis  for  the  draft  request  for  proposal  and  the  later 
davalopaant  contract.  Engineering  alaulatlon  In  this  stags  Is  oftantlaas  handled  by  aaans 
of  aathaaatlcal  aodals  used  to  dascriba  tha  characteristics  of  newly  developed  hardware. 
Typical  tasks  are  pralialnary  Investigations  of  the  application  of  new  technologies,  such 
as  Active  Control  Technology  or  Artificial  Intel 1 I ganca .  Pilot  evaluations  of 
controllability  of  nan  systaas  In  heavy  duty  conditions  and  flight  Mission  profiles  Is 
another  task  of  particular  interest. 

Tha  advantage  of  using  alaulatlon  In  this  early  proiect  stage  is  to  aaka  davalopaant 
risks  calculable  with  relatively  low  costa,  and  to  lat  the  aircrew  fly  aircraft  and 
systaa  concepts  that  exist  as  yet  only  on  paper.  Expectations,  be  they  too  high  on  tha 
custoaer's  or  on  Industry's  side,  and  undesirable  technical  developaents  say  thus  be 
avoided  in  tiaa. 

As  an  exaaple  for  a  recent  NBB  project  which  Is  now  in  tha  Feasibility  and  Pre- 
Definition  Stage  (FPDS).  tha  artist's  view  of  tha  NH90  Is  given  In  Fig.  3.1.  This  Is  a 
aediua  size  European  helicopter  which  will  be  built  in  two  versions,  as  tha  NATO  Frigate 
Helicopter  (NFH)  and  as  tha  Tactical  Transport  Helicopter  (TTH).  Participating  countries 
In  the  prograa  are  Geraany.  France.  Italy.  Tha  Netherlands,  and  tha  United  Kingdoa.  NBB 
preparations  for  tha  scheduled  40-50  hours  of  alaulatlon  tiaa  in  this  prograa  (CPU  tlae 
on  tha  alaulatlon  coaputar)  are  currently  at  full  blast. 


Definition  and  Specification  Phase.  The  slaulatton  plays  another  taportant  role  during 
the  Definition  and  Specification  Phase,  which  is  used  to  detail  the  raaulreaents  for  the 
overall  systaa  and  the  subsyataas.  Just  like  Modern  fighter  aircraft,  today's  Military 
helicopters  are  increasingly  coaplex  weapon  systaas.  The  developaent  of  these  flight 
vehicles  oust  not  concentrate  only  on  the  optlalzation  of  the  basic  systaa.  It  has. 
additionally,  to  ala  towards  the  bast  possible  haraonization  of  the  various  systaa 
coaponants.  such  as  flight  controls,  display  and  visual  aids,  weapon  systaas.  and  the 
flight  crew.  It  Is  therefore  iaperatlve  to  siaulate  tha  overall  systaa  with  all  Its 
subcoaponents  and  interrelations.  Concept  studies  have  to  be  carried  out  to  investigate 
the  acceptability  and  rperabillty.  and  to  daaonstrata  tha  systaa  perforaanca. 


BSVtXagggnl-Phssg.  In  the  davalopaant  phase,  the  priaary  task  of  tha  slaulatlbn  Is  to 
state  whether  or  not  the  pilot  la  able  to  fulfill  tha  specified  Missions  with  the 
projected  aircraft  systaa.  as  well  as  to  state  to  which  extent  the  necessary  systea 
Modifications  will  Influence  tha  p I lot-hal I  copter  systea.  This  classical  alaulatlon  task 
is  aora  and  aora  becoalng  a  standard  process  in  rotorcraft  developaent.  too.  as  the 
potential  of  slaulatton  is  addressed  here  at  Its  best.  Paraaater  variations  of  tha  new 
systaa  aay  be  investigated  without  effort,  thus  providing  tha  high  flexibility  needed  for 
tha  trade-off  studies.  Besides  that,  tha  pilot  aay  becoae  acquainted  with  the  dynaalc 
character  I  at  1 cs  of  the  new  flight  vehicle  long  before  the  flight  test  phase  begins.  Tha 
easy  Hay  to  reproduce  staulatlon  runs  under  tha  sane  clrcuastanccs  facilitate  alaulatlon 
flight  test  series  to  be  perforaad  with  different  pilots.  Noreover.  critical  systea 
failures  (tall  rotor  loss,  engine  fatlura)  aay  be  invastlgated  without  risk.  The 
potential  to  conduct  closed-loop  hardware  intagratlon  testing  In  tha  course  of  the 
developaent  phase  has  been  Mentioned  before. 
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3.4  SIMULATION  TSST  RESULTS  EVALUATION 

The  poat-st aulat I  on  inalyili  la  usually  carried  out  by  tha  requesting  uapartaent.  with 
tha  aaslatanea  of  tha  slaulatlon  engineers.  If  nceaaaary.  It  la  a  coaaon  aaparlanct  that 
a  good  intarfaea  definition  between  tha  coooaratlno  departaents  Is  of  groat  halp  for 
running  tha  aystaa  effectively.  to  tha  dapartaant  that  la  raautrlng  alaulatlon 
I nvest I  gat  I ona  Is  askad  to  fill  In  a  precise  alaulatlon  tost  fora,  daflnlng  tha  tasks  tu 
ba  parforaad  aa  wall  as  tha  Input/output  paraaatars  desired.  This  should  b«s  handled 
strictly  coaparabla  to  flight  taats>  uhara  all  tha  praparatlons  have  to  La  concluded 
before  tha  test  aircraft  gats  airborne,  and  rian  na  vo a  plus. 

An  adaquata  evaluation  of  tha  rral-tlae  alaulatlon  raauita  has  to  La  conducted 
continuously  throughout  tha  design  and  davalopaent  process.  This  can  ba  dona  byt 

•  a  copparlaon  uith  tha  dynaalcs  of  aelatlng  helicopter*  with  coaparabla  character  I  at  I ca 
(flight  test  results)! 

•  a  coaparlson  ulth  tha  raauita  of  off-line  calculations,  based  on  non-. I  near  I  zed 
aquations  or  aore  sophisticated  alaulatlon  aodals  ahtch  cannot  ba  executed  In 
raal-tlaal 

•  review  of  pilot's  coaaanta  on  the  dynaalc  behaviour  of  tha  alrnraft. 

Tha  need  for  off-line  processing  of  tha  recorded  data  is  aalf-  evident.  If  possible, 
tha  ease  data  analysis  and  graphic  routines  should  ba  used,  both  in  flight  tost  and  In 
alaulatlon  tast  In  order  to  provide  for  eoapatlbtlity  of  tha  results. 

Efforts  to  raplaca  current  helicopter  flying  qualities  criteria  are  going  to  culatnata 
In  tha  near  future  into  a  proposal  for  a  new  airworthiness  design  standard.  Although 
priaarlly  related  to  tha  U.S.  LHX  project,  this  Is  assuaed  to  ba  the  long  overdue 
raplacaaant  for  tha  old  N1L-H-E501  A.  Nanifold  use  will  ba  aade  of  coaparlsons  between 
flight  test  and  alaulatlon  tast  rasults.  thus  up-grading  tha  role  of  slaulatlon  In  tha 
design  process  affectively.  And  there  Is  slso  no  doubt  that  ground-based  slaulatlon  will 
play  an  Increasingly  taportant  role  during  cart! f (cation  procedures,  and  will 
Incraaantally  ba  accepted  aa  a  valuable  aaans  of  daaonstratlng  coaplianca  with  existing 
certification  regulations.  As  a  racant  axaapla.  tha  Federal  Aviation  Adainistratlon  (FAA) 
has  certified  two  helicopters  (Bell  214  ST.  Sikorsky  S7f  B).  For  tha  first  tlaa. 
autorotatlonal  landings  hava  been  accepted  that  ware  daaonstratad  solely  by  coaputer 
slaulatlon. 


4.  CONCLUSION  AND  PROJECTIONS 

Flight  si nulat I  on  has  evolved  to  be  a  priaa-y  and  aost  efficient  tool  for  tha 
rotorcraft  design  and  davalopaant  engineer,  and  the  flight  slaulntlon  methods  and  tools 
theasel ves  aru  continuously  iaproving.  Tha  potential  of  the  slaulatlon  technique  appaars 
not  yet  to  be  exhausted,  especially  In  rotorcraft  technology.  Hcwaver.  tha  task  of 
running  today's  flight  slaulatlon  laboratories  aore  and  aore  Includes  tha  challenge  to 
Plan  for  toaorrow’s  facilities  in  tlaa.  This  turns  out  to  be  an  eabltious  and  ever¬ 
lasting  enterprise  for  the  slaulatlon  engineers,  trying  to  incorporate  a  dynaatcally 
growing  coaputer  technology  Into  short  and  long-tera  planning  of  business  aanagars  who 
are  aore  faailiar  with  thinking  in  effactlvity  taras. 

It  Bay  be  allowed  to  finish  with  a  aodificatlon  of  a  question  that  was  posad  on 
an  earlier  occasion  (14)  to  describe  tha  future  challenge  of  slaulcHon  work! 

The  slaulatlon  engineers  will  continuously  have  to  give  an  answer  to  the  question 
"How  do  we  aanage  flight  alaulatlon  to  keep  up  with  the  treaendous  advances  In 
coaputer  technology  and  flight  eng i near  I ngf" 
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SIMULATEURS  D'ETUDES  POUR  HE  LI  CO  PTE  RES 

ptt 

DJerome 

CEV 

13128  litres 
France 


L*  CENTRE  d'ESSAIS  in  VOL  •  pour  minion  principals  d’effectuer  lm  essais  en  vol  offlcieli 
d'a4-onefs,  d'iquipement  «t  do  syst4mee  d'ormoo  pour  It  compto  du  Ministire  do  It  Defense  at  la  Ministire  daa  Trans¬ 
port-. 


La  repartition  giographlqua  du  CENTRE  d'ESSAIS  en  VOL  eat  i 

-  la  base  principals  4  BRBTIGNY  (au  sud  da  PARIS) 

-  deux  bases  d<essais  4  ISTRES  et  CAZAUX 

-  deux  ditachementa  4  TOULOUSE  et  BORDEAUX. 

Dapuis  le  d<but  de  ses  activitia  en  1956,  la  Base  d'Essais  d'ISTRES  est  spdciaLcie  dans  les  essais 
"avion"  et  les  essais  "iroteur”.  Depuls  saptembre  1986,  la  section  Hillcoptirea  eat  igalement  basis  6  ISTRES. 

La  longueur  de  la  piste  (4000  m)  associie  4  la  climence  du  dims*  font  de  ISTRES  un  site  privl- 
I4gi4  pour  las  essais  en  vol. 

A  ISTRES  aont  igalement  lmplantAs  l'Ecole  du  Personnel  Navigant  d'Essais  et  de  Riception 
(EPNER)  et  le  Centre  de  Simulation. 


1  -  INTRC  DUCTTON  - 

L'accroissement  de  ls  complexity  des  aystimea  installs  6  bord  des  aironefs  nicessite  leur  ituda 
le  plus  en  tmont  passible  dens  le  diroulement  des  programmes.  Lea  gains  de  temps  et  d'argent  de  ces  itudes  et  des  es- 
sats  mania  bien  avant  les  eesais  en  vol  sur  prototypes  ne  sont  plus  4  dimontrer. 

Afin  de  rialiser  ces  itudes,  des  moyens  sols  important!  sont  mis  en  place.  Ces  outils  permettent 
d'aider  4  la  definition,  au  diveloppement  et  4  la  mise  au  point  des  systemes.  Un  de  ces  outils,  le  simulateur  piloti,  a 
l'avantage  Evident  de  mettre  l'opirsteur  humatn  dans  la  boucle.  Q  est  en  effet  essentie'  de  pouvoir  disposer  le  plus  tot 
possible  de  remarques  con  cement  le  systime  itudii  de  la  part  de  l'opirateur  humain  pour  lequel  11  est  conpu. 

Depuis  l.  ngtempa,  les  itudes  avions  utilisent  de  tels  simulateurs  de  recherche  et  l'Etat  Went  de 
mettre  en  place  au  Centre  de  Simulation  du  Centre  d'Essais  en  Vol  4  ISTRES  un  tel  simulateur  pour  toutes  les  itudes  hi- 
licoptires. 


S  -  DEBCRIPTtON  DU  SIMULATEUR  - 


9.1.  Modiles  mathimatloues. 

3.1.1.  Modila  de  micsnlnne  du  vol. 

Les  simulateurs  d'itudea  nicessiter.t  Putillsatlon  de  modules  dits  de  connalssance,  c'eat-4-dire 
de  modiles  fondds  sur  la  thiorie  de  la  micanique  du  vol 


La  tlmulateur  d'ISTRES  mills*  un  models  giniral  da  micanique  Hillcoptire  dont  l'adaptatlon  ) 
un  apparetl  donni  ••  fait  par  Introduction  t 

-  da  coafftciants  airodynamlquee  laaus  deseals  an  aoufflarlat 

-  da  caractirlstlquee  giomitrlquas  at  inartiallaa. 

La  modile  giniral  a  iti  diveloppi  par  I'AEROSPATIAI.E  Division  Hillcoptire  dont  sort  tssus 
actuaUament  troll  modilet  d'appareils  i 

-  SA  330  PUMA 

•  3A  363  DAUPHIN 

-  HAP  /  HAC  /  PAHS 

Cat  modilas  couvrant  Panitmbla  du  domain#  da  vol  hautat  at  basaas  vliosaaa,  fortaa  tncidancas 
at  forts  dirapagea. 

Afln  da  validar  las  olgorithmes  du  moduli  giniral,  la  Cantra  d'Essals  an  Vol  a  riallsi  une  cam- 
pagna  d'assais  sur  un  PUMA  SA  330.  La  comparataon  das  risulteU  d'aoata  an  vol  a  vac  la  rdponsa  du  modile  a 
parmia  da  la  validar. 

Las  contraintas  da  tamps  da  calcul  lid  au  temps  r imposant  un  tamps  da  cycle  infirieur  4  30  ms 
afln  da  no  pas  Indulra  da  retard  perceptible  par  l'Stre  humatn  dans  la  boude  da  pilotage. 

Modilisatlon  rotors 


La  rotor  principal  at  la  rotor  arriire  ont  la  mime  modilisatlon  Issue  da  la  thiorie  da  l'iliment 
da  pula.  Dans  la  cas  du  Fenastron,  on  utilise  la  formulation  basic  sur  celle  du  rotor  classique  avac  une  contrac¬ 
tion  du  flux  dependant  da  la  vitaaaa. 

Modilisatlon  cellule 


Las  forces  at  moments  airodynamiques  da  la  callule  aont  calcul  is  4  partlr  da  coefficients  issus 
d’essals  an  soufflerie.  Oes  coefficients  sont  obtenuu  4  partir  d'un  baiayage  sipari  an  incidence  at  an  dirapage 
at  sans  interactions  dfier  aux  rotors. 

Modilisatlon  das  intjrsctions 


L'intiraction  du  rotor  principal  sur  l'empennage  horisontal  cat  calculie  a  partir  da  llncllnaison 
du  flux  at  da  1st  position  da  l'empennage  dans  la  disqua  da  sillage. 

L'intiraction  du  rotor  principal  sur  la  fuselage  ast  la  cr^ati  >n  d'une  diportance  au  voisinaga  du 

stationnaire. 


L'intiraction  du  rotur  arriire  sur  la  dirive  ast  une  poussie  parasite  an  stationnaire  at  unc  dimi¬ 
nution  da  I'afficaciti  da  la  dirive  an  vol  da  translation. 
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3-1-1.  Moddilaation  daa  motaur*. 

La  moddilaation  da*  motaurs  ast  apdclflqu*  da  chaqu*  appatail.  La  calcul  da*  performances  tur- 
bint  Mt  inu  dm  courbas  da  puissance  rddult*  at  conaommstion  rddult*,  an  fenction  du  rddim*  at  daa  condi¬ 
tion*  axtdrlaura*  da  premion  at  da  tampdrstur*.  La  rdponaa  dynsmlqu*  aat  moddliad*  par  una  fonction  da  tram- 
fart  qui  tiant  oompta  du  tampa  da  rdponaa  an  fonction  da*  d volution*. 

8.1.3.  Moddllaatton  daa  commando*  da  voL 

L 'ensemble  das  paramdtroa  lid  aux  command**  da  vol  (ddbattamants,  afforts,  frottamanta  sac* 
at  visquaux)  aat  moddlisd  pour  chtqu*  apparall.  Saul*  la  moddilaation  du  pilot*  automatiqu*  du  SA  330  PUMA 
aat  pour  la  momant  coupld*  au  moddla  da  mdcanlqua  du  vol. 

La  moddllaation  du  pilot*  automatiqu*  du  HAP/HAC/PAH3  aara  rdalitd*  dd*  quhin*  pramtira 
ddfinition  aara  ratanu*. 


3.3.  Cabin**  hdllcoptdr**. 

La*  atsals  hdllcoptdr**  l'affactuent  d  partlr  da  daux  cabin**  i 

-  una  cabina  monoplaca  SDVEH  (Simulateur  da  Vol  at  d'Etudas  pour  Hdllcoptdr**), 

-  una  cabin*  biplacs  c6t*  d  cfita  SUPER-FRELON. 

2.3.1.  Cabina  SDVEH. 

La  cabina  SDVEH  est  una  raprdsantation  proche  du  poata  pilot*  da  l'hdlicoptdra  HAP  quant 
i  sa  forma,  au  volume  diaponible  at  aux  masque*. 

Commandos  da  vol 

La  manche  cyclique  ast  relid  d  daux  di*po*itifa  dloctro-hydrauliquea  (un  pour  1*  control*  longi¬ 
tudinal  at  l'autra  pour  la  contrfila  latdral)  afln  da  rastltuar  las  afforts.  Cas  systdmas  da  raatltution  d**fforts 
sont  rdglrbles  par  loglcial  (afforts,  hystdrdsis,  frottamanta  sacs,  frottemantt  visquaux)  at  parmattart  da  sl- 
muler  las  commandos  cyclique*  da  tout  type  d'hdltcoptdre. 

La  manch*  collectif  at  1*  palonnlar  sont  pour  1*  momant  ralids  d  das  vdrtns  dlactriquas  non  rd- 

glables. 


Las  manche*  cycliqu*  at  collactif  sont  adaptds  pour  race  voir  las  polgndas  da*  diffdrentas  ver¬ 
sion*  da  l’hdlicoptdra  HAP/HAC/PAH2. 

Instrumentation 


En  dehors  da  rinstrumentntion  clsssique  sacours,  Is  cabina  SDVEH  ast  dquipec  avec  tous  lea 
moyara  da  visualisation  mis  d  la  disposition  du  pilot*  da  l'HAF. 

-  vigour  t«t»  haute  :  1*  vitaur  tdte  haute  VH  130  ddvaloppd  par  la  socldtd  THOMSON  aara  prochalha- 
mant  inxtslld  dan*  la  cabin*. 

-  visualisation  tdta  baas*  i  a  vent  da  pouvoir  disposer  das  tubas  multimode*  prdvus  pour  l'HAP/HAC/ 
PAH3,  la  cabin*  ast  dquipda  <Pun  dcran  FCD  S3  da  la  socldtd  THOMSON  da  dimension  3"  x  3"  mul¬ 
tichroma  d  bale  yaga  cavalier. 
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-  vlsaur/  visual  da  caaou*  1 1*  cabin*  ast  dqulpdo  dun  visaur/vtsual  d*  caaqu*  Odretoppd  par  l*  socidtd 
THOMSON. 


goatag  da  command** 

Un  certain  nombr*  da  post**  da  command**  banaliada  aont  Inatalld*  an  planch*  da  bord  at  an  ban¬ 
quettes  afln  do  peuvoir  dtaloguar  avac  laa  dtffdranta  ayatlma*.  Caa  poataa  saront  rampla<.*s  pai  la*  taca*  avant 
da*  poataa  rdals  di*  qu’uno  pramidro  ddflnttlon  a art  ratanua,  afln  da  parmattr*  an  piua  da  Vdtuda  ayatlma  da 
nianar  d  bian  iMtuda  arfonomiqu*. 

Bnvteonnamant  cabin* 

La  atlg*  dquipd  d*un  ayatlma  dlactro-mdcanlqu*  raatttu*  ranvtronnament  vibratotr*  do  l'hiUcop- 
tlr*  4  par  Ur  dim  loficlal  da  command*  dont  la*  paramltra*  influanta  aont  1*  rdgine  rotor,  I*  factaur  da  chart* 
at  la  poaltlon  du  manch*  coUectif. 

Un  modulo  do  aonorlaation  raatltuo  la*  brutta  gdndrds  par  la*  anaambla*  nlcantquas,  laa  brulta 
adrodynamlqua*  at  la*  brulta  motaur.  C*  modul*  aara  4  term*  compldtd  par  l'adionctlon  d<un  gdndrataur  daa 
bruits  armamanta  (canon,  miaalla,  roquatta)  at  da*  alarm**  sonoraa. 

J.J.2.  Cabin*  SUPBR-FRELON. 

La  cabin*  SUPER  FRELON  proviant  du  prototyp*  du  SA  atl  SUFER-FRELON  qul  a  4t<  an  1*74 
transform*  on  slmulataur  pour  das  4tud*a  gdndrales.  A  partlr  da  fin  lstti,  Is  place  droit*  dolt  Itr*  raconflgurda 
pour  simular  la  posts  tiraur  da  1’hdUcoptlr*  HAP. 

Poland*  armament 

Saules  las  commands*  armament  saront  miss*  4  la  disposition  du  tiraur  i  laa  commandos  da  vol 
at  las  potgndas  da  pilotage  ne  saront  pcs  simuUos.  Las  poigndas  spdeif iques  armament  parmettant  la  gestion 
tamp*  rdal  du  *yst4m*  d'arm*  at  aont  call**  dans  un  premier  tamps  ddfinias  pour  rhdllcoptdre  da  ■  ;  vl  t  uric  da 
l'HAP  (HELIOS). 

Instrumentation 

0  n*y  a  aucuna  instrumentation  class! qua.  La  cabin*  ast  dquipd*  das  Imrans  da  vituallsation  mis 
4  la  disposition  du  tiraur  da  l'HAP. 

-  Visualisations  tit*  haasa  t  2  4crans  tit*  ban*  sont  Install 4*.  L*un  eat  identiqu*  I  calul  da  la 
cabin*  8DVEH  (FCD  55),  1'autr*  aet  multimode  (btlayag*  cavalier  at  viddo)  at  da  dimension 
identiqu*  (VSM  55  MHL  Cos  dcrans  saront  modlflda  ou  remplacd*  an  fonction  da*  matdriala 
ratanus  pour  l'HAP. 

-  visaur /visual  da  casque  1 1*  matdrial  idantique  I  calui  da  la  cabin*  SDVEH  paut  dtr*  install* 
dan*  la  cabin*  S'JPER -FRELON. 

Poataa  da  command** 


Comm*  pour  la  cabin*  3DVEH,  avant  qu*una  pramilr*  diftnition  HAP  aoit  ratanua,  teula  da* 
post**  da  commands*  banaliada  aont  Inatalld*. 

Envtronnemant  cabin* 


tirour. 


Un  mo<hil*  d*  aonorlaation  identiqu*  |  colui  do  la  cabin*  pilots  eat  inatalld  dans  la  cabin* 
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U  at  direction  jg  aaifr 

Una  Mila  antldramant  Inatrumantda  parmat  da  dlrifar  1m  mmIi  mat*  4(alament  dlntdragir 
darn  Ua  eaaaia.  SUa  Mt  phonlquamtM  ralidr  a  ax  dtu*  cabtnM  qul  aont  aUt-mlmaa  reUdat  antra  altaa. 

Catta  aalla  aat  dotda  da  moyana  da  contrdle  parmattant  devoir  la  recopta  da  toot  laa  dcrana 
daa  caWnaa  SDVSH  at  SUPBR-FRILON. 

Llngdnlaur  daaoeii  paut  tuivra  Involution  da  nlmporte  quel  paramdtre  hdllccptdre  ou  ayatdma 
an  numdrlque  ou  an  (raphique. 

Un  dernier  moyan  da  vitualiaatn.i  parmat  da  auivra  involution  an  3  dimanat ona  da  pluaiaura  op- 
para  Ua  dam  la  ca*a  da  acdnarloa  da  combat  atr-atr,  at  da  vtauaUaar  Panvironnamant  vu  par  Pun  qualconqua 
dMpUotaa. 


Llnednieur  Jaaaala  dlapoaa  da  commandM  qul  lul  parmattant  da  (drar  la  almulatlon  (ntlaa  an 
attanta,  arrdt,  modification*  daa  condition!  da  vol,.,.)  at  daa  commandM  apdciftquM  qul  lul  parmattant  dtn- 
tarvanlr  au  ntvaau  da  inaaat.  D  paut  dfalamant  jouar  la  rdlt  da  l>un  ou  Pautra  dM  mambrM  da  Pdqulpaee 
pulaqull  dtapoaa  dM  commandM  da  piletafa  at  da  ttr. 


1.4.  Bnvlronnamant. 

1.4.1.  VlauallMtlon  du  monda  extdrieur. 
vtaualuatlon  4  maouatta 

Llmaga  du  monda  extdrieur  projetde  au  pilota  ou/at  au  tiraur  provtant  <funo  maquatta  da  tar- 
rain  via  una  camdro  da  tdldviaion  qul  (lima  i  travara  una  tdta  optiqua. 

La  maquatta  da  terrain  Mt  raprdaantatlva  dune  rdfion  da  PRANCE.  Ella  maaura  ll  m  da  lone 
at  4  m  da  lar(a  at  Ml  4  Pd' 'telle  1/1000  4me.  La  pilota  paut  dvoluar  aur  cotta  maquatta  dona  daa  condtttona 
IdantiquM  4  callaa  du  vol  tactiqua. 

La  tdta  optiqua  parmat  da  rMtltuar  1m  troll  daqrda  da  libartd  an  rotation  (tanfH*.  roulla,  la  cat) 
at  laa  troia  autraa  da«rda  da  libartd  an  ddplacamant  aont  roatltudo  par  la  chariot  mobUa  aur  laqual  Mt  montdo 
la  camdra. 


Laa  parformancM  da  ddbattamant  anfulaire  na  aont  pm  UmitdM  an  roulla  ni  an  lacat  at  aont  II- 
mitdaa  an  tan(a(a  4  ♦  ll'  at  -  54*. 

Un  prtama  rajould  4  Panaambla  parmat  da  rdduira  la  vialbUitd  Juaqu'au  vo*  un*  vlaibUltd. 

La  tdta  optiqua  ut  dquipda  dun  ddtactaur  infra-rouge  da  proximitd  pour  la  plan  horiaontal 
at  dunpalpeur  mdcaniqua  pour  la  plan  vortical. 

Odndratlon  avnthdUqua  dlmaaM 

Afin  da  raatitvni  corractamant  la  monda  oxtdriaur  vu  da  Jour  ou  la  nult  par  la  pUota  ou  par  la 
tirat*  an  viaion  dtracta  ou  par  Plntarmddiaira  da  toua  Ua  capteura  cptroniquaa,  U  aat  ndcaaaaira  iTutlUarr  unv 
idndratlon  ayntbdtiqua  dimagee. 


at  dant 


Lao  earact4rtstlquaa  da  I*  gdndraUon  «ynth4tlqua  dlmaga*  ddraleppda  par  la  9ocMt4  THOMSON 
dUpaaara  la  contra  da  simulation  cent  i 

- 1  canaan  dlmagoria, 

•  bandaa  *nctra)aa  multiple*  (vMan  dlracta,  baa  nivaau  da  lumldra,  Infra-raug*  at  procha  Infrarouga, 

-  points  da  vtn  multiple*  (pilot*,  tlraw,  captawa), 

-  reatltutlon  aw  <cran  multlmod*  4  panda  rdaahitien  (air-sot  at  appontac*). 

Cotta  (Mratlon  sara  opfcatlannrU*  tin  1HT. 


Llmag*  du  monda  aatdrtaur  aat  prdsantda  u  Uraw  dans  la  caMna  SUPBH-FRBLON  out  an  mo- 
nttaw  »4l4 vision  4  trover*  un  btoc  optiqua.  Co  bloc  optiqua  aat  compoad  dim*  lama  aomi-rinachlaanta  at  (Tun 
miroir  aphdriqae  afln  da  coUlmatar  11  maps  4  llnftnl. 

La  tlraw  paut  dgalanant  voir  la  monda  axtdriaw  a  vac  la  tuba  tlta  boaaa  multimoda. 

1.4.4.  Baatltutlon  du  monda  axtdriaw  an  cablna  SDVBH. 

La  cablna  SDVBH  aat  inatallda  4  llntdriaw  dim  4cran  aphdriqu*  da  10  m  aw  laqusl  a  sat  poaaibla 
da  projttar  1  imago*  dtft4rantas  aa  compldtant. 

A  llntdriaw  da  la  aph4ra  laa  3  projactawa  suivants  sent  montda  aw  una  structure  parfaltamant 

poattlonnd*  i 


-  projactsw  dtwrlaon, 

-  projactaw  da  aol, 

-  projactsw  da  dbla 

la  projactsw  tfboHaon  snvola  daux  Images,  una  da  aol  at  una  da  clel,  iaauas  da  daux  dispositi¬ 
ve*,  4  trovara  daun  optiqusa  "flab  ayes"  da  1*0*  da  champ  chacuna.  Llntaraaction  da  caa  daun  images  cr4a 
llwrlnon  qul  aat  aaaarvi  aux  attitudaa  da  I'hdUecptire.  Llmaga  projttd*  no  tourntt  aucuna  Information  da 
position  ou  da  dlplacamant. 

La  projactsw  da  aol  orolatta  dona  una  poaitlon  f rentals  at  fix*  una  imago  ua  aol  auivant  un  for¬ 
mat  tdldvtaion  a  vac  un  champ  da  M*  da  diagonal*. 

^essteas**  cIN*  parmat  tfanvoyar  auivant  las  configurations  una  imago  da  cihla  ou  da  sol 
dans  un*  qualconqua  direction  4  llntdriaw  da  la  aphdr*. 

Configuration  Air-Air 

LI  mag*  mi  projactaw  da  cibla  proviant  dim*  clblr  analogjqua  tcf  paragraph*  1.3.4).  La  projoc- 
taw  dMpoaa  dim  aoom  qui  aaaocid  au  aoom  da  la  camdra  da  pria*  da  vu*  (cf  I  1.3.4)  parmat  d*ot>tanir  un  groa- 
alaaamant  global  da  W.  Data  optlqua*  tntorchangaabiaa  parmattant  da  couvrlr  las  plagaa  da  diatanc*  10  m  - 
11*0  m  ou  10*  m  -  1000  m. 

La  projactaw  da  aol  aat  utlUad  aoulamant  pour  las  phaaaa  da  combat  an  baas*  altitude. 

La  projactaw  dhortaon  aat  loujours  utUlsd. 


P¥iim«s?r'":  ■- 
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L*  aroloctour  d«  tol  jtW  pM  utlli**. 

U  nroloctaMr  do  clbh  wt  utlllid  pour  onvoyor  limit*  du  Ml.  Llirlontotion  dt  m  pro)oct*ur  Mt 
command**  par  U  Ugno  4*  vlod*  du  viaour  dt  c—qu*.  C«tt*  utlliMtton  ptrmat  iu  pilot*  do  voir  lo  *ol  don*  la 
dlroctton  de  ton  r«f*rd. 

u  eateisg  gteauss  Mt  toujour*  utm»d. 

1.4.4.  Clbl*. 

Llmif*  clbl*  provitnt  do  d*ux  m*qu*tt«*.  Lima  mi  accrochda  par  1'ovoitt  *t  ltuvr*  par  l'ar- 
rldr*i  eoct  afln  d*dvH«r  1m  maoquM  dO*  *u  iy*t4m*  ifoccrochoti.  Cm  d*ux  clbl**,  animi**  par  calcu- 
latour,  ont  trot*  dated*  do  llbartd  on  rotation.  BUm  *ont  ftlm*M  par  un*  camdrt  do  tdUviaton  munii 
dim  coom  *t  dot**  dim  prlam*  mobli*  on  rotation  donnant  un  44m*  dagr*  do  Ubort*  luppldmantalr* 
qul  pormot  alnai  tfomdlloror  1m  porformoncM  du  *y*t*mo  on  vitoat  do  roulis.  Lo  choix  ontr*  11m*  ou 
rautro  clbl*  **t  (*r*  par  taflclol  at  m  fait  par  allumot*  ot/ou  oxtinctlon  do*  chambrM  noIrM  od  ** 
trouvont  k*  cibta*. 


Cm  clbl**  p*uv*rt  (tr*  anim*M  par  dtffdrcnt*  inodM  do  pilotaf*  i 

ScdnorlM  i  un  cortain  nombr*  do  *rdnarlo*  Mbdmatlquou  ont  dt*  program md*. 

Pllotoao  almpUfl*  1 1*  clbl*  Mt  onlmdo  suivont  dM  trajoctolra*  almplM  WloctlonndM  *  partlr 
du  pupltr*  do  direction  dM  M»al«.  Lm  trajoctotto*  auivantaa  sont  petal bit*  i 

.  vol  roctlllgn*  *n  pallor, 

.  mantd*  ou  d*«c«nt*  *  taux  conalant, 

.  viragM  *  taux  corat  ant. 

Pilotaa*  *u  minimonch*  i  1*  minimonch*  inatall*  au  pupltr*  da  dlractton  dM  **aal<  p*rm*t  d* 
pilotar  U  clbl*. 

Loolclol  d»  combat  i  un  loetei*!  du  command*  automatiqu*  pormattant  *  la  clbl*  ddvoluor  an 
fonction  <hi  contuxt*  choa—ur  clbl*  Mt  on  court  do  ddvolopp  ,m*nt. 


1.4.5.  Mouvomont. 


L*  cabin*  SOVEH  p*'it  Itr*  inatoll**,  pour  certain*  Mooli  (quollt**  d*  vol...),  *ur  un  mouvomont 
*  *  dagrd*  do  Ubart*. 

lm  porformoncM  do  c*  mouvomont  d*votoppd  par  la  ioci*t*  THOMSON  aont  t 

,  chart*  utU*  t  10  tonnM 
.  dfbottomonta  vortical  i  ♦  1,37  m 

longitudinal  t  ♦  1,15  m 

lat*ral  ■  ♦  1,(0  m 

on  roulla  :  ♦  II* 

on  tangog*  t  -  51*  ♦  34* 

onlacot  t  *  H* 


i 

I 

i 


< 


1 


i 


y 


# 
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. .  vitesees  vertical®  +  1  m/s 

angulaira*  +  2S*/t 

.  accElErations  verticals  +  2,8  g 

longitudinal*  +  1,5  g 

latErale  +  1,5  g 

•u  roulls  +  400Vs* 

en  tangag*  +  500*/*4 

en  lacet  +  4Q0'/s4 


2.5.  Oalculateurs. 


2.5.1.  Calculataur  d«  aimulation. 


L«  calculates  de  aimulation  eat  un  GOULD  SEL  32/7780  bi-processes  dr  puissance  1,5  Mips. 
Tous  lea  logiciels  de  simulation  (mEcanlque  du  vol,  systimes,  gestion  des  moyena  d'envtronnement.,.)  sont 
implantEa  dans  ce  calcilates  qui  doit  8tre  remplacE  par  un  calculates  pis  performant  (7  Mips). 

En  outre,  le  Centre  de  Simulation  dispose  d'un  calculates  ident'que  rEservE  au  dEveloppement 
des  programmes. 

2.5.2.  Calculates  gEnErateur  de  svmboles. 

Les  symboles  prEsem.Es  as  les  visualisations  pilote  tires  et  ironies  d'essais  (vises  tSte 
haute,  tStes  basses,  vises  de  casque)  sont  lasus  de  deux  ensembles  SINTRA  CONCEPT  80  de  la  SociEtE  CIT 
ALCATEL,  l'un  affect*  aux  visualisations  pilote,  l'autre  aux  visualisations  tires,  les  visualisations  du  pupflre 
de  direction  des  essais  Etant  alimentEs  en  recopie  par  les  deux  ensembles.  Ces  deux  systAmes  sont  couplEs  au 
calculates  GOULD  de  simulation. 

2.5.3.  Boitier  GEnErateur  de  Symboles  Pilotabie  (BGSP). 

La  sociEtE  THOMSON  dEveloppe  pos  le  centre  de  simulation  de  nou<  .aux  gEnErateurs.  de  sym¬ 
boles.  Ces  calculateurs  sont  capables  de  gEnErer  de  ’a  symbologie  pos  tout  type  de  visualisation  (balayage  ca¬ 
valier  ou  vidEo)  avec  un  logiciel  trAs  voisin  de  celui  des  bottlers  gEnErateurs  de  symboles  embarquables, 
avec  les  memo  performances  et  sans  aucun  problAme  de  couplage  puiaque  rEallaEs  A  partir  des  mEmes  ma- 
tEriels. 


Cet  outll  permettra  de  vallder  les  logiciels  de  svmbologie  avant  les  phases  d'essais  en  vol  et 
sstout  permettra  tout  transfert  des  essais  vol  vers  les  essais  sol  et  vice-versa  InstantanEment  pour  Etude 
ou  modification. 


3  -  OMECTTF8  D'ETUDES  - 

Le  simulateur  du  Centre  d'Essals  en  Vol  A  ISTRES  permet  les  Etudes  : 

-  aide  A  la  conception  du  vEhlcule, 

-  aide  A  la  conception  des  systAmes, 

-  organisation  des  postes  d'Equipage, 

-  Evaluation  opEratlonnelle. 

Pour  les  annEes  A  venir,  le  potential  du  simulateur  sera  presque  entlArement  consacrE  aux  Etu¬ 
des  liEes  au  programme  HAP/HAC/PAH2.  Ce  paragraphe  se  limitera  done  A  traitor  des  Etudes  liEes  A  ce  program¬ 


me. 
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3.1.  Conception  du  vehlcuia. 

A  partir  du  model*  da  mecaniqu*  dont  la*  coefficients  *ont  lata  da*  ami*  an  soufflarie  at  das 
results!*  da  calcul,  la  ilmulataw  pilots  parmat  da  foumlr  rapldamant  da*  ramarqua*  da  la  part  da*  pilot**  at 
da  pouvoir  infltwr  *ur  la  conception  du  vdhlcule. 

En  partlculiar  la*  a***!*  da  qualite*  da  vol  tont  essentials  pour  connattre  la  comportement  da 
lltdlicoptir*  at  {valuer  ion  aptitude  an  tant  qua  porteur  i  la  bonn*  execution  da  la  miasion  at  en  partlculiar 
au  vol  tactiqua. 

Catta  aida  i  la  conception  paut  influar  *ur  t 

-  la  rotor  principal, 

-  la  rotor  arriire, 

-  l'empennage, 

-  la*  command**  da  vol. . 

L'dtuda  da*  panna*  .  rotor  arriAre 

.  empennage  (si  braquabla) 

.  hydraulique, 

pout  {galamant  conduire  4  da*  modifications  dds  la  conception. 


3.2.  Conception  da*  systems*. 

System*  «tablli*ataur  at  pilot*  automatiqua 

Le  (  mulateur  parmat  d'{tudler  et  d'evaluer  las  different*  modes  du  pilots  automatiqua  adaptant 
la  maniabilite  da  llwlicoptira  aux  baaoina  du  pilots  et  ceci  principalement  en  vol  tactique.  Ces  etudes  permet- 
tent  da  mettre  au  point  las  lots  da  pilotage  et  le*  loi*  d'effort*  aux  commandos. 

U  faut  {galement  itudier  un  mode  du  pllote  automaticue  couple  au  system*  d'arme  pour  contrer 
1  es  effats  dQs  au  tir  canon. 

Regulation  motaur 

Da*  easais  dan*  das  conditions  de  vol  tactique  permettent  d'dtudiar  le  comportement  de  la  regula¬ 
tion  motaur  (atabilite  at  temp*  da  reponse)  et  d'analyser  son  Influence  sur  le  pilotage  helicopters. 

System*  d'arme 

Ca*  etudes  doivant  parmattr*  d'evaluar  la*  performance*  das  algorithmos  de  conduit*  de  tir.  Ces 
performances  concement  l'afflcacite  du  tir  dans  las  different**  condition*  da  vol  de  la  cible  at  du  chasseur 
a inal  qua  i'aapact  pilotabllite. 

La*  moyana  dont  dispose  actuellemant  la  Contra  da  Simulation  parmattant  d'evaluar  la  conduit* 
da  tir  canon,  mlailla  ou  roquatte,  mis**  an  oeuvre  par  la  pilot*  ou  1*  tir*  or  a  vac  la  vtaaur  da  casque  ou  1*  viseur 
tlta  haute.  Las  nn«l»  lie*  au  viseur  principal  necaasitant  l’utillsatlon  da  la  generation  synthetiqua  d'images. 
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1.8. Oeani*# tlor  dm  pg*t*»  d*8oulpa««. 

Sow  c«  t«rm«  |Mnl  m  regroupent  Im  Itud#* 

-  dlntarfac#  Iquipeg#  -  ayttlm#, 

•  do  dialogu#  pilot*  -  tireur 

qui  peuvent  a#  ddcompoMT  ouivant  tee  tttemaa 

-  #rgonomlt, 

-  ayrabotogte, 

-  mod**  *t  command#*. 

Bracnomi* 

Loo  itudoo  #rgonomiqu«*  <Tun  cockpit  oont  oooontlolloo  ot  doivont  Itr*  I  lo  boo*  do  tout#  Itude 
dtnterfac#  Iquipa**  -  ayatlm#. 

Cocl  ndcoooito  un  moquottof*  rlaliat*  doc  pootoo  pilot#  #t  tlr#ur  prdoantant  una  grand#  *ou?l*#- 
o#  (^adaptation  #t  d#  modification. 

L'anaambl#  do#  Itud#*  tulvantao  oot  k  m#n#r  ■ 

-  command#*  do  vol,  Voia  dtefforta,  dlplacement*,  *#ulL... 

-  poignlaa  :  prlh#n«ion,  poaitton  da*  command#*,  cholx  d#a  command#*  (bouton  pouaaolr,  altectaur, 
palotto,  Inotabl*...),  affort*  da*  command##,  accanibilltl... 

-  organisation  daa  planch#*  d#  bord  t  rdpartltton  das  Instrument*,  lialbilltl,  acceMlblUtl, 

-  po*t#*  d*  command**  (via#ur*,  armament,  g#*tlon  *y*twm**...),  #cc#mlbilitl,  liaibilitl,  facility 
d*  ml**  *n  oauvre, 

-  vl(#un,  implantation,  liaibilitl,  facllltl  de  mis#  «n  oeuvre,  interference  entre  la*  viaeur*  i 

.  pilot#  i  vi*#ur  clalr  -  vi*#ur  d*  caaqua, 

.  tireur  i  vi*#ur  principal  -  vtnur  d#  caaqua. 

-  tub#*  tit#  ban#  i  liaibilitl,  acc#**lbiUtl  da*  command*#  lile*  4  cc*  visualisation*. 

Tout**  cw  itud#*  doivont  Itr#  man!#*  dan*  un  premier  t#mp*  point  par  point  pula  enauite  dan* 
un  context#  global  du  vol.  Bn  #ff#t,  1#*  **p#ct*  argonomiqu*#  du  contril#  hllicoptlr#  alnai  quo  ceux  du  contri¬ 
te  du  tir  nlc#**lt#nt  aimultanlmtnt  la  presqu*  totality  de  tou*  cm  point*.  Cm  Itud#*  doivant  Itre  faite*  dana 
da*  condition*  d#  vol  tactlqu#  d*  Jour  at  d*  nuit  *n  tenant  compt#  d#a  probllme*  cTlclalrement,  d'lblouiasement, 
da  refl#t  at  d#  vUiHlitl  av#c  1«*  )um#ll**  I  baa  niveau  de  lumilre. 

L#a  alarm**  qui  font  parti*  (Tun*  Itud#  plu*  glnlrale  qid  #*t  c#U#  da*  pannea  ont  un  aapect  ergo- 
nomiqu#  fondamental.  Q  **t  #n  #ff#t  «**#nll#l  d'av#rtir  llquipeg#  nan*  dllai  et  aana  ambiguRI  de  la  panne  qui 
vient  d#  turvenir  #t  da  l'actlon  4  #ntr#prendre.  Lltud#  argonomiqu*  d#a  alarm#*  conaiat*  en  1*  ditermination 
du  typ#  dtelarm*  (viaualte,  aonore,  vocal#  ,  aanaortell#)  k  actlvar  pour  alerter  et  informer  au  mieux  l'lquipage. 

Symbologi* 

Lltud#  d**  aymbologi#*  qui  a  lgatem#nt  un  aspect  argonomlque  conaiat*  en  la  dlflnition  d#e  in¬ 
formation*  aymboliqu**  prleentle*  au  pilot#  et  au  tireur  aur  chacun  de*  aupport*  <1#  vtaualiaatlon  dont  11a  dia- 
poaent t 


.  vi*#ur  tit#  haut*, 
.  vlaaur  d#  caaque, 
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.  viaeur  principal. 

.  <CMI*  tits  bun, 

.  paates  de  command**  et  visualisations, 

•n  raqiactant  I*  cohiranc*  *t  lliomofiniiti  *ntr*  1**  icrans  et  an  ailectlonnant  le*  formation*  niceasalres 
•t  auffiaant**  pour  rhaqu*  ph***  d*  voL 

-  pi)  >tag*  .  vol  tactlqu*  d*  Jour  ct  d*  nutt 

.  vol  an  conditions  IMC 
.  vol  d*  nuit  *v*c  imago  tharmlqu*. 

-  navigation  .  vol  tactlqu*, 

.  vol  an  conditions  IMC. 

-  observation*,  via**  at  tir  ■  visaur  da  casque 

.  visaur  tlte  haute 
.  visaur  principal. 

La  symbologie  qui  eat  la  riponse  du  systime  dans  I'interface  Equipage  -  systime  eat  igalement  le 
support  eaaantiel  dans  le  dialogue  pilote  -  tireur. 

Modes  et  commandos 


Las  modes  et  commandos  sont  las  entries  de  I'interface  iquipage  -  aystime  d'arme.  Cette  itude 
est  abaolument  essentielle  on  simulation  car  elle  a  des  riparcussions  import  antes  aur  l'archltecture  du  ayatime. 

Pour  ltiilicoplire  HAP  ce  aystime  est  tris  complexe  puiaqu'il  y  a  2  membres  d'iquipage  dlsposant 
chacun  da  2  viseurs  et  mettant  cn  oeuvre  3  types  d'armenent  (canon,  missile,  roquette). 

Id  dicoupage  artificiel  dfl  i  l'expoai  icrit  ne  correspond  pas  i  un  beaoln  lii  cux  itudes  et  aux 
ivaluatlons.  Au  contraire,  les  itudes  d'ergonomle,  de  symbologie  et  de  modes  et  commandos  sont  manias  sl- 
multanimcnt,  chacun  des  thimes  ayant  des  ri percussions  sur  les  autres. 

Les  easels  sont  effectuis  par  tranches  correspondent  a  des  niveaux  de  difinition,  cheque  tranche 
so  territnant  avac  Iss  phases  de  mise  au  point  par  une  Evaluation  opirationnelle. 


3.4.  Evaluation  opirationnelle 

C'est  la  phase  finale  des  essais  (ou  des  tranches  d'essais)  oil,  i  partlr  de  scinarlos  opirationnels 
correspondent  i  des  mission'  on  ivalue  la  riponse  de  l'ensemble  vihicule  -  systime  et  Equipage  face  aux  besoina 
opirationnela. 


Ainsl,  pour  cheque  scinario,  11  faut  ivaluer  r 

.  ergonomie  des  commandes, 

.  dialogue  iquipage  -  systime, 

.  dialogue  pilote  -  tireur 
.  influence  du  pilotage  sur  la  visit, 

.  influence  du  tir  sur  le  pilotage, 

.  performances  de  tir, 

.  quantification  de  la  charge  de  travail. 
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4  -  CONCLUSION  - 


C«  document  prdaente  1m  moyans  da  simulation  mla  an  placa  au  Cantra  d'Eaaaia  an  Vol  4  1STRES 
au  profit  daa  dtudaa  hdlieoptira.  Ltmportanca  daa  moyana  ainai  qua  lam  futurea  axtanaiona  4  court  tarma  font  da 
ca  aimulateur  un  outil  aaaantial  pour  la  ddvaloppamant  daa  hdllcoptirea  futura. 


Opdrationnel  dapula  1(84,  ca  ilmulataur  a  d4j4  permit  da  manar  das  dtudas  au  profit  da  l'hfll cop- 
tire  HAP/HAC/PAH2.  Un  vaste  programme  d'eaair  mla  an  placa  pour  laa  anndaa  4  vantr  parmettra  da  recueiUir 
da  pnScleuses  donndaa  avant  laa  eaaala  an  vol  daa  hdllcoptiraa  da  aarvltudo  puts  daa  prototypes. 
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D-3300  Braunschweig- Flughafen,  Federal  Republic  of  Germany 


SUtWARY 

Models  of  the  open-loop  hover  dynamics  of  the  XV-1S  Tilt-Rotor  Aircraft  are  extracted  from  flight 
data  using  two  approaches:  frequency-domain  and  tisa-donain  Identification.  Both  approaches  are  reviewed 
and  the  identification  results  are  presented  and  compared  in  detail.  The  extracted  models  compare  favor¬ 
ably,  with  the  differences  associated  mostly  with  the  Inherent  weighting  of  each  technique.  Step 
responses  are  used  to  show  that  the  predictive  capability  of  the  models  from  both  techniques  is  excel¬ 
lent.  Based  on  the  results  of  this  study,  the  relative  strengths  and  weaknesses  of  the  frequency  and 
time-domain  techniques  are  summarized,  and  a  proposal  for  a  coordinated  parameter  Identification  approach 
is  presented. 


NOMENCLATURE 


p,q,r  roll  rate,  pitch  rate,  and  yaw  rate,  respectively,  deg/sec 

u , v ,w  longitudinal,  lateral,  and  vertical  velocities,  respectively,  m/sec 

coherence  function  between  variable  x  and  y 

aileron  surface  deflection  (deg),  elevator  surface  deflection  (deg),  and  rudder  surface 
deflection  (deg),  respectively 

«c  power  lever  deflection,  < 

c  dating  ratio 

t  time  delay 

roll,  pitch,  and  yaw  angles,  respectively,  re.1  (deg) 
u  undamped  natural  frequency,  rad/sec 

1/T  inverse  time  constant,  rad/sec 


1.  INTRODUCTION 

Oynamics  Identification  methodologies  generally  fall  into  two  categories:  frequency-domain  and  time- 
domain,  The  choice  of  techniques  to  be  used  Is  usually  based  on  the  analyst's  personal  familiarity  with 
the  methods  and  on  the  specific  application.  Each  approach  has  Inherent  strengths  and  weaknesses. 
Frequency-domain  Identification  uses  spectral  methods  to  determine  frequency  responses  between  selected 
Input  and  output  pairs.  Then,  least-squares  fitting  techniques  are  used  In  the  frequency-domain  to  obtain 
closed-form  analytical  transfer-function  models  of  linear  Input-to-output  processes.  Time-domain  Identi¬ 
fication  first  requires  the  selection  of  a  state-space  model  structure,  which  may  be  linear  or  nonlinear. 
Model  parameters  are  Identified  by  least-squares  fitting  of  the  response  time-histories  or  by  maximum 
likelihood  methods.  Transfer  functions  for  linear  models  and  frequency  responses  can  then  be  obtained 
from  the  Identified  state-space  formulation. 

The  US  Army  has  been  developing  frequency-domain  Identification  techniques  In  support  of  handling 
qualities,  flight,  and  simulation  experiments.  Extensive  flight  experiments  have  been  conducted  on  the 
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XV-15  Tilt-Rotor  Alrcrtft  (Fig.  1).  Refarencii  1  and  2  present  the  Identified  open-loop  frequency 
responses,  transfer  functions,  and  eodel  verification  results.  Frequency-domain  Identification  tests  have 
also  been  recently  conducted  on  the  beil-2U-ST  single  (teetering)  rotor,  and  CH-4’  tar  dee-rotor  aircraft 
(Refs.  3  and  4).  In  the  Federal  Republic  of  Germany,  the  OFVIR  hat  had  extensive  experience  with  maxlmum- 
1 ikel ihood,  time-domain  Identification  techniques.  Linear  and  nonlinear  model-identification  methods  ha<e 
been  developed.  Much  of  the  DFVLR  experience  with  helicopter  Identification  has  been  associated  with  -ne 
highly  coupled  B0-10S  hlngoless-rotor  helicopter  (Reft.  5  and  6). 

As  part  of  an  ongoing  US/FRG  Memorandum  of  Understanding  (MOU)  on  helicopter  flight  control,  an 
extensive  joint  study  Is  being  conducted  to  analyze  the  XV-15  data-base  for  the  (open-loop)  hover  flight 
condition  using  both  tliae-  and  frequency-domain  techniques.  The  primary  objectives  of  this  study  are 
to:  (1)  gain  a  better  appreciation  for  the  relative  strengths  and  weaknesses  of  each  technique;  and 
(2)  develop  Improved  methods  of  Identification  for  rotorcraft. 

This  paper  reviews  the  dynamics  Identification  techniques  which  have  been  developed  In  the  US  and  the 
Federal  Republic  of  Germany.  The  results  of  applying  these  techniques  to  the  XV-15  data  base  are  pre¬ 
sented  and  compared,  and  sources  of  differences  In  the  extracted  models  are  discussed.  Filially,  conclu¬ 
sions  concerning  the  appropriate  applications  for  each  technique  and  proposals  for  unified  Identification 
methods  using  both  approaches  are  presented. 


Fig.  1.  The  XV-15  Tilt-Rotor  Aircraft,  a)  Hover  configuration;  b)  cruise  configuration. 


2.  OVERVIEW  OF  FREQUENCY-DOMAIN  AND  TIME-DOMAIN  IDENTIFICATION  TECHNIQUES 

A.  Frequency-Domain  Identification  Method 

The  frequency-domain  identification  approach  developed  by  the  US  Army  Is  depicted  in  Fig.  2.  Spec¬ 
tral  methods  based  on  the  Chirp  z-transform  are  used  to  extract  high-resolution  frequency  responses 
between  selected  Input  and  output  pairs.  The  Identification  results  are  presented  In  Bode-plot  format: 
magnitude  and  phase  of  the  output  to  the  Input  versus  frequency.  These  Identification  results  are  non- 
arametrlc  because  no  model  structure  has  been  assumed.  As  such,  they  can  be  very  useful  for  flight 
control  system  design  and  handling-qualities  compliance  testing;  for  example,  currently  proposed  handling- 
qualities  crltorle  for  the  LHX  (Ref.  7)  are  based  on  frequency-domain  parameters  which  can  be  read 
directly  from  these  graphical  results.  Frequency  responses  obtained  from  real-time  and  nonreal-tlme  simu¬ 
lations  can  be  compared  directly  with  the  flight  data  to  expose  limitations  and  discrepancies  In  the  simu¬ 
lator  models  (Ref.  1).  The  fact  that  this  comparison  can  be  made  Initially  without  an  a  priori  assumption 
of  model  structure  or  order  Is  especially  Important  for  verifying  mathematical  models  of  new  aircraft 
configurations.  When  the  model  structure  and  parameter  values  are  required,  they  may  be  obtained  by  fit¬ 
ting  the  tabulated  frequency-responses  with  analytical  transfer-function  models  to  extract  modal  charac¬ 
teristics.  Ex»mples  of  this  application  are  the  testing  of  hand ling -quality  specifications  given  In 
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Fig.  2.  Frequency-domain  Identification  method. 


lower-order  equivalent  system  terms,  and  the  examination  of  transfer  function-based  control  system 
designs.  Since  this  fitting  procedure  Is  conpleted  after  the  frequency  response  Is  extracted,  the  order 
of  the  transfer  function  can  be  carefully  selected  to  avoid  an  overparameterized  model.  Multi-Input/ 
multi-output  frequency-response  methods  are  suitable  for  extracting  a  transfer  matrix  which  Includes  the 
Important  coupling  effects.  Finally,  the  extracted  models  are  driven  with  the  flight-test  control  Inputs 
to  verify  the  time-domain  response  characteristics. 

The  semllog  frequency  format  of  the  Bode-plot  presentation  and  subsequent  transfer-function  fit  makes 
the  Identified  transfer-function  and  state-space  models  most  accurate  at  mid  and  high  frequency  (Initial 
time  history  transients).  The  low-frequency  and  steady-state  response  prediction  of  the  extracted  models 
Is  generally  not  as  good  as  In  time-domain  Identification  approaches. 

B.  Time-Domain  Identification  Method 

The  general  approach  used  In  time-domain  Identification  Is  shown  In  Fig.  3.  Time-based  Identifica¬ 
tion  techniques  are  Initially  applied  to  the  date  to  check  their  Internal  compatibility.  Data  Inconsis¬ 
tencies  resulting  from  calibration  errors,  drifts,  or  Instrumentat  on  failures  are  detected  by  comparing 
redundant  measurements  from  Independent  sensors,  such  as  rate  and  attitude  gyros,  or  altitude  change  and 
vertical  acceleration  (Ref.  6).  This  approach,  which  can  be  used  on-line,  helps  to  ensure  that  only  con¬ 
sistent  data  are  generated  for  the  further  evaluation  and  system  Identification. 

For  this  next  step,  the  aircraft  dynamics  are  modeled  by  a  set  of  differential  equations  describing 
the  external  forces  and  moments  In  terms  of  accelerations  and  state  and  control  variables.  The  coeffi¬ 
cients  In  these  equations  are  the  stability-derivatives.  In  some  cases,  a  priori  values  for  these  deriva¬ 
tives  can  be  obtained  from  analytical  calculations,  wind-tunnel  data,  or  from  start-up  Identification 
techniques  such  as  a  least-squares  method.  The  responses  of  the  model  and  aircraft  resulting  from  the 
flight-test  control  inputs  are  then  compared.  The  response  differences  ere  minimized  by  the  Identifica¬ 
tion  algorithm  which  Iteratively  adjusts  the  model  parameters.  In  this  sense,  aircraft  system  Identifica¬ 
tion  Implies  the  extraction  of  physically  defined  aerodynamic  and  flight  mechanics  parameters  from  flight- 
test  data.  Usually,  It  Is  an  off-line  procedure  since  some  skill  and  Iteration  are  needed  to  develop  an 
appropriate  model  formulation.  Model  formulation  Involves  consideration  of  model  structure,  selection  of 
significant  parameters,  end  Inclusion  o*  Important  nonllnearltles.  Time-domain  techniques  yield  a  multl- 
Input/multl-output  model  that  1$  appropriate  for  application  In  stability  and  control  analysis,  simula¬ 
tion,  and  control  system  design.  The  Identified  parameters  are  also  useful  for  onpsrlson  and  correction 
of  analytically  or  wind-tunnel  derived  stability-derivatives  (Ref.  8). 


Fig.  3.  Time-domain  Identification  method. 


A  key  feetu.j  of  the  time-domain  Identification  technique  Is  that  the  extracted  models  are  based  on 
the  curve  fitting  of  the  original  measured  (tlme-oomaln)  flight-test  data.  Errors  which  may  occur  In  the 
transformation  of  the  data  from  the  time-  to  the  frequency-domain  are  thus  avoided.  The  Identified  models 
can  then  be  easily  presented  In  the  frequency-domain  as  Bode  plots  or,  If  the  Identified  model  Is  linear, 
also  as  parametric  cransfer-functions. 


3.  IDENTIFICATION  OF  XV-15  OPEN-LOOP  OYNAMtCS  IN  HOVERING  FLIGHT 

This  section  reviews  the  XV-15  flight-test  data  base  for  parameter  Identification  and  presents  and 
compares  the  results  of  (linear)  frequency  and  time-domain  Identification  methods  for  the  open-loop  hover 
flight  condition.  For  Illustrative  purposes,  the  roll  response  Identification  Is  discussed  In  detail. 

A.  Flight-Test  Data  Base 

The  complete  data  base  for  dynamics  Identification  Includes  four  flight  conditions  from  hover  to 
cruise.  The  present  study  concentrated  exclusively  on  the  Identification  of  the  open-loop  hover  dynamics 
because: 

The  dynamics  for  this  flight  condition  are  coupled  and  very  unstable  which  makes  this  case  the  most 
difficult  to  analyze. 

Nonlinear  effects  are  the  most  significant  in  the  hover  flight  condition,  which  allows  a  good  demon¬ 
stration  of  the  nonlinear  Identification  techniques  developed  by  the  DFVLR. 

Focusing  on  tne  rot  r-borne  flight  condition  maximizes  the  carry-over  of  the  oresent  experience  to 
future  rotorcraft  Identification  suudies  to  be  carried  out  under  the  MOU. 

The  pitch  and  roll  axis  instabilities  for  the  hover  flight  condition  are  characterized  by  a  tlme-to- 
double  aaplltuae  of  about  3  sec.  Therefore,  long-period  Inputs  needed  to  Identify  the  low-frequency 
vehicle  dynamics  are  not  practical  for  the  open-loop  hovering  vehicle.  Extraction  of  the  open-loop 
vehicle  dynamics  from  closed-loop  testing  Is  possible  subject  to  an  Important  condition:  the  total 
surface  deflection,  which  is  comprised  of  Inputs  from  the  pilot  and  the  stability  and  control  augmentation 
system  (SCAS),  must,  contain  a  significant  component  which  Is  uncorrelated  with  the  response  of  the  vehicle 
(Ref.  9).  Then,  the  required  low-frequency  Inputs  can  be  conducted  on  the  closed-loop  (stable)  vehicle. 

Flight-Test  Inputs.  Two  typos  of  Inputs  were  executed  In  the  Identification  flight  tests. 
"Frequency-sweep"  Inputs  were  used  for  model  extraction,  and  step  Inputs  were  used  for  model  verification. 

Two  typical  concatenated  lateral  stick  frequency-sweeps  completed  during  the  hover  flight  tests  of 
the  XV-15  are  shown  In  Fig.  4a.  These  tests  used  pilot-generated  rather  than  computer-generated  Inputs. 
The  sweep  Is  Initiated  with  two  low-frequency  Input  cycles  corresponding  to  the  lower  bound  of  the  fre¬ 
quency  range  of  primary  Interest  (0. 2-6.0  rad/sec).  These  cycles  ensure  good  excitation  of  the  low- 
frequency  vehicle  dynamics.  After  the  initial  two  low-frequency  cycles,  the  lateral  stick  Is  oscillated 
at  progressively  higher  frequencies  for  an  additional  50  sec.  By  the  end  of  the  90  sec  duration  test,  the 
stick  Is  being  driven  at  fairly  high  frequencies  (4  Hz  shown  In  Fig.  4).  The  Input  amplitudes  are  fairly 
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Fig.  4.  Two  literal  stick  frequency-sweeps  (e^)  In  hover,  a)  Lateral  stick  Inputs;  b)  aileron  surface 
deflections. 


Fig.  5.  Roll-rate  response  (p)  during  lateral  frequency-sweeps. 

smell  at  low  frequency  where  vehicle  notions  are  considerable,  with  larger  Inputs  at  aid  frequency,  and 
smaller  Inputs  again  at  very  high  frequency.  The  associated  aileron  surface  deflection  (total  Input  to 
the  aircraft*)  shown  In  Fig.  4b  reflects  a  significant  component  from  the  pilot  Input  (note  that  s.  and 
*LAT  *re  do^oed  with  opposing  sign  conventions).  The  resulting  roll-rate  amplitudes  of  10-20  deg/sec  as 
shown  In  Tig.  5  are  typical  for  frequency-sweep  tests.  The  frequency- sweep  Is  especially  well  sulteo  for 
frequency-domain  Identification  because  It  Is  a  periodic  Input  form  that  excites  the  vehicle  In  all  of  Its 
doailnant  modes  of  a'Mon  wHhln  the  frequency  range  of  interact.  This  Input  also  has  some  advantages  for 
time -domain  Identification.  Vehicle  excitation  Is  restricted  to  be  within  the  frequency-range  of  model 
applicability  which  Is  especially  Important  for  meaningful  state-space  parameter  results  (Ref.  4).  Also, 
the  monoto.,1c  increase  in  frequency  alloi.s  the  time-domain  identification  to  oe  frequency-weighted  which 
compensates  for  the  Inherent  low-frequency  weighting  of  this  method. 

Step  Inputs  are  commonly  used  1r  the  flight  test  comminlty  to  expos*  dominant  veh.cle  characteris¬ 
tics,  io  they  represent  a  good  test  of  the  Identified  model's  predictive  capability.  Step  inputs  were 
executed  In  both  the  open-  and  closed-loop  condition.  Open- loop  verification  ensures  that  the  Identified 
models  reflect  the  dynamics  of  the  open-loop  vehicle  and  not  those  of  the  Inverse  feedback  element 
(Ref.  0).  Step  Inputs  with  the  flight-control  sysvem  engaged  are  also  useful  since  the  steadier  initial 
conditions  allow  fine  differences  between  the  model  and  the  flight  responses  to  be  exposed. 

B.  Frsquorcv-Oomaln  Identification 

The  most  Important  rtep  In  the  frequercy-domaln  Identification  procedure  Is  the  extraction  of  accu¬ 
rate,  high-resolution  frequency  responses  between  the  various  Input  and  output  pairs.  A  key  Mtrlc  for 
assess  ng  the  quality  of  the  frequency-response  Identification  Is  tha  coherence  function  (r|y  ).  This 
frequency-dependent  function  Indicates  that  fraction  of  the  output  response  which  Is  linearly  related  to 
the  excitation  signal.  The  random  error  associated  with  the  frequency-response  identification  Is  depen¬ 
dent  on  the  value  of  the  coherence  function  at  each  frequency,  and  on  the  number  of  (Independent)  time 
history  secants  ('windows,*  Nd): 

^Although  the  aileron,  elevator,  and  rudder  surfaces  are  not  effective  In  hover,  they  continue  to  be 
actuated  In  addition  to  the  primary  effectors  which  are  the  rotor  collective  and  swashplate  cr  trols.  It 
was  found  to  be  most  expedient  to  refer  all  the  transfer  functions  to  these  surface  deflections,  since 
neglecting  the  small  servo  legs,  these  are  related  to  the  sum  of  the  pilot  and  SCAS  Inputs  through  a 
mixing  rat  o  which  Is  constant  across  the  entire  flight  envelope. 
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The  length  of  the  window  (sect)  determines  the  Mount  of  low  frequency  power  end  the  associated  low- 
frequency  coho rone*  which  cm  bo  achieved.  Low  variance  In  the  spectral  Identification  therefore  requires 
high  coherence  end  multiple  conceteneted  time-history  records,  inltlel  analyse*  of  the  XV-1S  dote  base 
used  ell  available  repeat  runs  (three  were  >sed  In  the  original  analytlt  of  Ref.  1),  without  concern  of 
th*  Individual  coherence  quality  of  each  run,  Subsequent  tine-domain  analytes  by  the  DfVlft  and  frequeney- 
doa«1n  analytes  by  the  US  Army  Indicated  ;het  toae  of  the  frequency-sweep  runt  were  unsuitable  for  identi¬ 
fication,  and  should  be  removed  frow  the  concatenation  procedure.  In  the  case  of  the  lateral  axis  fre¬ 
quency-sweep,  one  of  the  three  runs  was  found  to  he  unsuitable  because  of  low  coherence.  The  frequency- 
response  obtained  with  the  retaining  two  (good)  runt  hat  substantially  laproved  spectral  quality.  This 
frequency  response  and  the  associated  coherence  function  are  shown  In  Figs,  fi  and  7.  Good  Identification 
Is  achieved  over  the  frequency  range  0. 2-9.0  rad/tec. 


The  magnitude  response  peak  Is  due  to  the  dominant,  roll  nodes  which  are  In  the  frequency-range  of 
O.S-1  rad/sec;  the  associated  phase  rise  Indicates  that  the  nodes  are  unstable.  At  the  higher  frequencies 
(1.0-10  rad/sec),  the  magnitude  and  phase  plots  follow  a  k/s  characteristic.  The  value  of  the  constant 
(K)  Is  the  roll  response  sensitivity  (La.).  The  relatively  flat  phase  response  at  high  frequency  indi¬ 
cates  a  very  snail  value  of  effective  tile  delay.  Finally,  the  drop  In  coherence  function  near  the  magni¬ 
tude  peak  suggests  the  existence  of  nonllnearltles  for  large  vehicle  notions. 

(1)  Lateral/Olrectlonal  Transfer-Function  Models 


The  selection  of  the  urder  and  structure  of  the  transfer-function  models  Is  predominantly  based  on 
three  Important  factors  (Ref.  4): 

(a)  The  models  must  be  appropriate  to  the  frequency-range  of  concern  (0. 2-6.0  rad/sec  In  the 
present  study). 


(b)  The  models  nus'.  provide  a  reasonable  fit  of  the  Input -to-output  frequency  response  within 
the  frequency  range  associated  with  good  coherence. 

(c)  The  selected  models  should  be  based  on  a  theoretical  analysis  of  the  effective  physical 
order  of  the  system.  Therefore,  the  appropriate  transfer-function  models  are  a  function  or  flight  condi¬ 
tion  and  flight-control  system  status  (l.e.,  SCAS-on  or  SCAS-off). 


For  the  open-loop  XV-15  In  the  hovering  flight  condition,  the  yaw  (and  heave)  responses  are  essen¬ 
tially  decoupled  and  first  order  In  nature.  Therefore,  an  appropriate  model  for  yaw-rate  response  to 
pedal  Inputs  Is; 
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The  on-axis  roll  (and  pitch)  responses  are  dominated  by  the  hovering  cubic,  and  as  seen  In  Fig.  6  have  one 
excess  pole  at  high  frequency; 
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The  dominant  source  of  coupling  In  the  open-loop  configuration  Is  the  yaw  response  to  lateral  stick 
Inputs.  This  coupling  arises  from  the  rotor  torque  differential  which  accompanies  the  differential 
collective  Inputs  used  for  roll  control.  Frequency-response  Identification  of  the  coupled  response 
(Ref.  I)  Indicates  an  appropriate  transfer-function  model  of; 
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The  denominator  parameters  of  the  lateral/dlrectlonal  transfer-function  models  (Eqns.  2-4)  represent 
natural  dyiwalcs  nodes  of  the  vehicle.  Therefore,  the  common  nodes  nust  have  the  sane  values  for  all 
three  responses.  Maintaining  this  relationship  Is  essential  for  achieving  unique  and  physically  meaning¬ 
ful  transfer-function  models.  While  It  Is  possible  to  fit  all  three  responses  simultaneously  to  maintain 
the  commonality  of  denominator  parameters,  this  approach  Is  not  the  best.  A  better  strategy  Is  to  Iden¬ 
tify  Individual  parameters  from  the  on-axis  frequency-response  In  which  they  have  the  dominant  effect. 


♦Window  overlapping  further  reduces  the.rendon  error  below  that  shown  In  Eqn.  (1)  (Ref.  9 )i 
Shorthand  notation;  It,  »)  Implies  s'  +  2e«s  +•*,;»  damping  ratio,  «  •  unduped  natural 
frequency  (rad/sec);  and  (1/Tj  Implies  s  +  (1/T) ,  rad/sec. 
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Fig.  6.  Frequency-domain  Identification  of  roll- 
rtt*  response  to  t Heron  (p/-»t).  e)  Nagnltude; 
b)  phase. 


Fig.  7.  Coherence  function  for  roll-rate  response 
Identification  (rj  ). 


Then  these  parameters  are  fixed  in  the  Identification  of  the  off-axis  transfer-functions.  So,  for  exam¬ 
ple,  the  following  yaw  response  transfer-function  Is  obtained  from  the  pedal  sweeps: 
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This  result  shows  that  the  yaw  response  of  the  tilt-rotor  configuration  Is  very  lightly  deeped,  as  com¬ 
pared  to  a  standard  helicopter  with  a  tall  rotor.  The  smell  effective  time  delay  Indicates  that  lags 
caused  by  unmodeled  high-frequency  dynamics  are  negligible. 

The  next  step  Is  to  Identify  the  roll-rate  transfer  function  (p/«t).  Since  the  yaw  mode  has  been 
Identified  In  Eqn.  5,  this  parameter  Is  fixed  In  the  ro’ l-response  transfer  function  (Eqn.  3).  Then  the 
remaining  parameters  are  varied  to  obtain  the  best  least-squares  fit  of  the  roll  rate  frequency-response 
(fl9-  6): 
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The  fitting  range  Is  fron  0. 2-9.0  rad/sec.  In  which  the  coherence  function  (rf  p)  Indicates  good  spectral 
accuracy.  As  expected  from  the  phase  response  characteristics  (Fig.  6b),  the  open-loop  roll-response 
dynamics  are  dominated  by  an  unstable  roll  mode  with  the  frequency  of  about  0.4  rad/sec.  The  associated 
tlme-to-double  amplitude  Is  3.S  sec.  The  pole-iero  pair  (l/Tp,)/(l/T»)  Is  at  very  low  frequency  and 
nearly  cancels  out.  This  reveals  that  yaw  coupling  does  not  noticeably  affect  the  roll-response  charac¬ 
teristics.  Therefore,  a  lower-order  roll  response  model  which  contains  only  the  hovering  (lateral)  cubic 
roots  (1/T  )Ur,w_l  and  antirely  Ignores  yaw  coupling  Is  an  appropriate  approximation  for  this  vehicle. 
This  assumption  Ik  common  for  hovering  aircraft.  The  low-frequency  numerator  factor  (1/T*.)  associated 
with  lateral  translation  damping.  Is  marginally  unstable  (tlme-to-double  amplitude  •  7.5  sec)  indicating  a 
very  low  value  of  the  velocity  damping  derivative  (Yy).  Finally,  the  effective  time  delay  for  the  roll 
response  (x.)  Is  small,  suggesting  that,  as  In  the  yaw  response  (E*n.  5),  the  unmodeled  high-frequency 
lags  are  not  significant. 

Hlth  the  lateral/dlrectlonal  denominator  factors  (dominant  vehicle  modes)  Identified  using  the 
on-axis  frequency-responses,  the  numerator  factors  of  the  off-axis  response  (r/i§)  can  i,-w  be  extracted. 
The  denominator  factors  of  Eqn.  4  are  fixed  and  the  least-squares  fit  gives: 
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In  the  frequency  range  «  >  1.2  rad/sec,  the  yaw  responsa  to  aileron  Inputs  Is  dominated  entirely  by  the 
coupling  derivative,  N|t>  At  low  frequencies,  the  dynamics  are  affected  by  the  unstable  hovering  cubic. 

As  shown  In  Figs.  6a  and  6b,  the  transfer-function  medal  of  Eqn.  6  Is  a  good  representation  of  the 
Identified  roll  response  In  the  range  of  satisfactory  coherence  (0. 2-9.0  rad/sac).  Although  the  present 
transfer-function  model  (Eqn.  6)  Is  not  significantly  different  from  that  obtained  previously  (Ref.  1) 
using  all  of  the  available  sweep  runs  (Including  the  poor  quality  runs),  the  match  between  the  model  and 
flight  data  Is  significantly  Improved, 
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CIom  (uni nation  of  Fig.  •  ikowl  that  the  natch  between  the  model  end  flight  data  It  ouch  better  i, 
oaonltuoo  thon  In  Wit,  Thlt  i»  beceute  of  tha  relative  weighting  selected  for  tha  identification^!  n 
magnitude  arron  7*  phase  arror)  which  It  >.«anan  for  lower-order  equivalent  system  mttchlng  (haf.  10). 

On  tha  batlt  of  tha  ttaap  phase  retpontt  of  tha  flight  data  at  tha  dominant  modi  (»  •  0.S  rad/tec)  at 
compared  to  tha  trantfar -function  nodal,  a  lunar  (latt  negative)  damping  ratio  it  Indlcatad.  TMt  incon¬ 
sistency  batoaan  tha  magnitude  and  phase  retpontet  indlcatat  nonlinear  behavior  In  tha  dominant  oadat  of 
roll  notion.  At  aantlonad  previously,  thta  It  alto  raflactad  by  tha  drop  In  coharonct  in  tha  taaa  fra. 
quency  range.  Significant  tlda-by-tlda  nonllnaar  rotor  Interactions  ara  known  to  exitt  for  larga  lataral- 
valoclty  trantlantt,  at  were  ancountarad  during  tha  lou-fmguancy  inputt. 

Tha  lataral/dlractlonal  trantfar-functlon  nodal  ratultt  of  thlt  taction  art  tunaarlitd  in  Tablt  1. 

{()  Longitudinal  Trantfar-functlon  Nodalt 

In  hovarlng  vehicles,  pitch  and  roll  dynanlct  art  ana  logout.  Tha  pitch  ratponta  It  doalnatad  by  a 
longitudinal  hovarlng  cubic  analogout  to  tha  lataral  hovarlng  cubic,  and  a  flrtt-ordar  haava  ratponta  it 
analogout  to  tha  flrtt-ordar  you  ratponta.  Power  lavar  (vartlcal  control)  and  longitudinal  ttlck  inputt 
do  not  induct  tlgnlf leant  inter-axis  coupling  in  tha  XV-1S  configuration. 

Spactral  analytlt  of  tha  Individual  pltch-tuatpt  thouad  that  only  ont  of  tha  thraa  runt  had  tetlsfec- 
tory  coherence  for  uta  In  Idantlflcatlon.  (Tha  original  analytlt  of  Rtf.  1  utad  all  thraa  runt.) 
Trantftr-runctlon  nodalt  ara  extracted  froa  tha  Idantlfltd  fraqutney  rttponttt  utlng  tha  twa  approach 
dltcutttd  abova  for  tha  lataral/dlractlonal  dynanlct.  Tha  haava  ratponta  It  datarainad  flrtt  froa  collac- 
tlva  tuaapt,  and  than  tha  pitch  ratponta  It  datarmlnud  with  tha  Idantlfltd  haava  nodt  (l/T„)  fixed.  Tha 
ra tultlng  trantfar  functlont  for  pitch  rata  and  vortical  decoloration  ratpontai  art  tuaotarlitd  in  Tablt  1. 
At  In  the  roll  catt,  the  pitch  retpontt  It  dominated  by  a  hovarlng  (longitudinal)  cubic,  comprltad  of  a 
low-frequency  unttable  oscillation.  Up, up],  and  a  itable  aperiodic  mode  (1/Tp).  Alto,  the  pitch 
transfer-function  model  fits  the  Identified  frequency  ratponta  much  batter  in  magnitude  than  in  phete. 
Bated  on  phate  retpontt  considerations  alone,  tha  unstable  damping  ratio  would,  at  before,  be  much  ixwer 
(lets  negative).  The  discrepancy  between  the  magnitude  and  phata  fl  *r.  again  due  to  nonllnearitirs 
associated  with  the  large  velocity  perturbations  ancountarad  during  i: <  low-frequency  Inputs. 

C.  Time-Domain  Identification 

Maximum  likelihood  (Ml)  technique  It  generally  accaptad  at  one  of  the  most  suitable  tlae-based 
methods  for  aircraft  parameter  Identification.  The  main  advantages  of  the  ML  estimation  are: 

(1)  It  yields  asymptotically  unbiased  and  consistent  estimates  for  linear  ty items. 


TABLE  1  Comparison  of  Trantfar-functlon  Models  for  Hover 
Frequency-Oomaln  Identification  Time-Domain  Identification 
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(I)  It  provides  the  Cramer  Rat  ktund.  which  1*  a  Mature  of  the  reliability  of  tacli  astlMta. 

(S)  It  yields  U»a  correlation  actuate  tka  identified  aaraMtart. 

•nth  tka  Or  —r  kaa  taunt  end  tka  parameter  corralatlan  kola  to  davtlap  an  appropriate  aootl  strue- 
tura  ana  to  avoid  *ov*r-psraMtarl»atlon.*  A  nenllnaar  aaalM  11k*11hp*d  Mtkoa  developed  ay  SFVLk 
(kaft.  11,  It)  rat  tftuitau  far  tlM-domaln  Identification  af  tha  XK-ll.  Tklt  tachnlaua  allow*  a  general 
llnaar  ana  nanllnaar  aaUal  forauiatlan  of  tka  ttata  an a  MaturaMnt  aquatlont: 

a(t)  •  f(a(t),  u(t)  -  au,  a)  *(t  ■  0)  ■  *. 

(• 

y(t)  •  |(*(t),  u(t)  -  au.  »)  ♦  ay 


■  ■  caaautol  ttata  roc  tor 
y  •  Matured  rarlakltt 
u  •  Mtturea  control  vector 
og  ■  Initial  conditions 
a  ■  lyttam  aarMotara 
au.ay  •  tore  iklftt 

The  Initial  conditions  and  tare  tklft  tarot  are  Included  to  cooaontata  for  drift*  and  offtatt  in  tha 
Mtturamonti . 

for  tha  XV-15  data  evaluation,  tha  ML  program  mi  flrtt  utlMied  to  check  coaaatlblllty  of  tha  Mt- 
wraoantt,  and  to  reconttruct  tha  nonmaaturtd  data.  Than  tha  prog  rut  ni  used  for  tha  parutater  idantlfl 
cation  Ittalf.  tn  tha  following  taction*,  that*  ttapt  are  dltcutttd  In  detail. 


a.  Data  Coapatlblllty  and  Reconttruct Ion  d 

Thr  XV- 15  Inttrvaantatlon  tyttao  provide*  attitude  rate*,  attitude  angle*,  and  linear  acceleration*; 
tpatd  MaturtMntt  for  the  hover  flight  condition  art  not  avallablt.  Tharafora,  only  the  coapatlblllty  of 
the  angular  data  could  b*  evaluated.  A  satisfactory  agraamt  batuaan  calculated  and  Matured  angle*  wot 
found  and  no  additional  corractlont  rare  aada.  for  the  freguancy  Maopt,  tpaed  components  vara  derived  by 
Integrating  the  Matured  llnaar  acceleration*.  Since,  for  that*  tatt*,  tha  aircraft  it  In  trla  at  the 
beginning  and  tha  and  of  each  swoop,  speed  aquation  Plata*  can  be  attlMtad  to  Met  the  boundary  condi¬ 
tion*:  u(0)  •  v (0)  •  v(0)  •  u(tr)  •  v(tF)  •  w(tF)  «  0.  for  the  tyttan  identification,  tha  calculated 
velocity  variable*  art  included  In  tha  MaturaMnt  vector  together  with  the  llnaar  acceleration*. 

Strictly  speaking,  ties*  derived  data  do  not  provide  additional  Information  about  tha  system  dynamics; 
however,  they  help  to  keep  tha  spaed  response  of  the  nodal  within  a  realistic  range  and  to  prevent  long- 
tarn  speed  drifts.  This  characteristic  1*  laportant  sine*  the  Identification  procedures  requires  the 
Integration  of  highly  unstable  (hover)  system  differential  equations  for  a  tlM  duration  of  about  90  sac. 


b.  Identification  of  tha  Lataral/DIrectlonal  Notion 


Preliminary  time-domain  Identification  analyst*  showed  that  the  longitudinal  and  lattral/dlractional 
motion*  of  the  XV-IS  aro  practically  decoupled.  The  Min  emphasis  wet  placed  on  tha  identification  of  a 
linear  lateral/directional  modal.  Thlt  nodal  1*  represented  by  (linear)  differential  equations  for  tha 
lateral  force,  rolling  noaent,  and  yawing  tenants.  The  general  3  DOF  nodal  Is; 


'  a  «  A*  ♦  lu  ♦  ba 
y  »  C*  ♦  Du  ♦  by 
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The  unknown  coefficients  In  tA*  state  Mtrlces  (A  and  C)  and  the  control  eatrlcas  (8  and  D)  era  tha 
desired  stability  and  cortrol  derivatives.  The  bias  vector*  ba  and  by  are  astlMtrd  constant*  rape*- 
santlng  drifts  and  aaro  shift*. 

In  each  flight  test,  a  controller  (either  i,  or  ar)  was  used  to  tacit*  the  aircraft  nodes.  To 
obtain  sufficient  Information  about  both  roll  and  yaw  Mtlon  for  the  Identification,  data  obtalnad  fron  an 
etltron  and  a  rudder  sweep  war*  combined.  This  *nult1pla  run  evaluation*  yields  on*  common  model  for  both 
run*  (macapt  for  the  bias  tarns,  which  must  be  attlMtad  for  each  Individual  run).  This  approach  ha*  been 
used  successfully  In  previous  helicopter  Identification  studies  (Rtf.  5). 

Three  Min  characteristics  of  the  XV- 35  lataral/dlractlonal  dynamics  bectM  obvious  from  tha  initial 
Identification  analysis: 
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The  yaw  Motion  which  1$  due  to  rudder  Inputs  Is  virtually  decoupled  and  the  significant  parameters, 
yaw  damping  and  the  control  derivative,  can  easily  be  extracted  from  the  rudder-sweep  data.  Yaw- 
model  and  aircraft  tine  histories  are  In  good  agreement. 


There  Is  sone  coupling  froai  the  aileron  Inputs  to  the  yaw  motion.  Therefore,  the  control -coupling 
derivative  N«t  was  Included  for  Identification. 

For  the  aileron-sweep  data.  It  was  not  possible  to  obtain  a  satisfactory  curve  fit  for  the  total  run 
duration.  The  major  difficulty  Is  the  Identification  of  the  roll-moment  equation  and,  consequently, 
the  fit  of  the  roll-rate  response. 

The  third  characteristic  caused  some  severe  Identification  problems  and  was  Investigated  In  more  detail. 

One  approach  to  this  problem  was  to  use  shorter  time  Intervals  of  the  aileron  sweep  (only  the  low-  or 
mid-  or  high-frequency  part).  With  this  approach,  the  responses  of  the  Identified  models  fit  the  measured 
roll  rates  almost  perfectly.  However,  there  were  major  differences  In  the  estimated  parameters  from  the 
original  Identification  based  on  the  total  run  duration.  Tests  with  different  a  priori  values  to  start 
the  ML  technique  were  also  made  to  ensure  that  the  ML  criterion  did  net  lead  to  local  minima  (a  comson 
Identification  problem).  Results  from  these  calculations  clearly  showed  that  the  data  contain  strong 
nonl Inearltles  which  cannot  be  described  by  a  linearized  model.  One  logical  next  step  Is  the  extension  of 
the  model  to  Include  the  appropriate  nonllnearltles;  this  extension  will  be  addressed  later.  Another 
possibility  Is  to  stay  with  a  linear  model,  accept  Its  deficiencies,  and  define  Its  range  of  validity  and 
applicability.  This  approach  Is  discussed  first. 

Lateral /direct tonal  model  Identification  was  conducted  separately  on  the  three  available  aileron- 
sweep  runs,  each  In  combination  with  a  rudder-sweep  run.  When  the  total  run  duration  was  used,  all  three 
sweep  results  showed  the  same  tendency: 

The  model  response  matched  the  low-frequency  part  of  the  data  fairly  well. 

The  model  response  underestimated  the  flight  data  as  the  Input  frequency  Increased,  with  up  to  a  50* 
error  In  roll  rate  at  high-input  frequencies. 

These  results  make  sense  In  llgnt  of  the  ML  Identification  criterion: 

L  «  I  K*(t,)  -  y(t,))T  •  R*1  •  (zft,)  -  y(t,)))  +  N/2  •  In  |R|  (10) 

where 

N  ■  number  of  data  points 
z  *  measurement  vector 
y  *  model  response  vector 

R  =■  measurement  noise  covariance  matrix  , 

The  optimum  Is  -eached  when  the  differences  between  the  amplitudes  of  the  measured  and  calculated  time 
histories  are  Minimized.  From  Fig.  db,  It  Is  seen  that  about  70X  of  the  total  run  duration  of  the 
aileron-sweep  Is  low-frequency  data.  Consequently,  the  Identification  method  emphasizes  primarily  the 
longer-duratlon,  low-frequerey  part  of  the  data,  and  sacrifices  the  accuracy  of  the  shorter,  high- 
frequency  pan.  For  many  applications,  the  Initial  and  short  term  (higher-frequency)  response  of  a  system 
Is  of  more  Interest  than  the  long  term  (lower-frequency)  behavior.  Therefore,  It  was  desirable  to  Improve 
the  Identification  result  for  the  higher-frequency  range,  allowing  larger  errors  for  the  low  frequen¬ 
cies.  Methods  to  meet  this  objective  are: 

1.  Conduct  frequency-sweeps  with  more  emphasis  on  the  high-frequency  content. 

11.  Apply  alternate  control  Inputs  (e.g.,  multlsteps)  which  excite  mostly  the  mid-  and  high- 
frequency  dynamics. 

111.  Use  only  the  higher-frequency  sweep  data  for  the  Identification. 

These  approaches  were  either  not  possible  (new  flight  testing  required  for  options  1  and  11)  or  they  were 
felt  to  be  a  poor  compromise  (111). 

Another  solution  Is  to  Increase  the  Influence  of  the  amplitude  errors  for  a  selected  part  of  the 
data.  When  frequency-sweep  inputs  are  used,  this  can  be  done  by  the  "multiple  segment  evaluation":  a 
part  of  the  data  (e.g.,  high-frequency  range)  is  treated  as  a  separate  test.  It  Is  combined  several  times 
with  the  original  test  data  so  that,  In  principal,  the  weighting  of  the  chosen  data  points  Is  arbitrarily 
Increased.  This  approach  worked  satisfactorily,  but  It  yielded  an  Increased  number  of  unknown  biases, 
needed  more  data  handling  and.  In  particular,  required  more  confuting  time.  But  pursuing  this  basic  Idea, 
the  Identification  program  was  modified  to  allow  different  weighting  of  selects  time  periods  within  one 
run.  This  approach  turned  out  to  be  very  efficient  as  It  does  not  require  estimating  any  additional 
parameters,  or  computing  capacity. 


BP**-™ 
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The  data  weighting  technique  mi  spiled  for  the  Identification  of  the  aileron  frequency-sweep* . 
Increased  weights  were  used  for  the  roll-rate  fit  error*  which  occurred  In  the  higher-frequency  pert  of 
the  data,  tood  agreement  of  the  Matured  and  calculated  date  wat  thu*  obtained  for  the  aid-  and  high- 
frequency  input*,  whereat  there  were  larger  dltcrepancle*  for  the  low-frequency  Input*.  A1*o,  there  wat 
good  contlttency  of  retult*  for  the  three  repeat  run*.  The  retultt  alto  confined  that  it  It  advantagcou* 
to  keep  the  low-frequency  data  In  the  evaluation  at  they  provide  the  necettary  tpeed-derlvatlve  informa¬ 
tion.  The  aMn  value*  end  ttandard  deviation*  for  the  derivative*  obtained  from  the  Identification  of  the 
aileron  tweep*  are  tunarlzed  In  Table  2.  At  tine -domain  technique*  tend  to  be  tentltlve  to  phate  thlft*. 
a  tlat  lag  for  the  control  Input  wa*  estlaatad  at  a  aultlple  of  the  taapllng  rat*.  In  ttete-tpec*  format, 
the  final  tlM-doMln  Identification  (aaan-vclue)  aodel  for  the  lataral/dlrectlonal  notion  It: 


unit*:  v  :  a/tec 

p,r  :  rad/tec 
e  :  rad 
*(.<r  :  deg 

*T1m  delay  In  control  Input  1*  t  -  0.0320  tec. 

Figure  8  give*  the  tlae-hljtory  coaparlton  for  one  of  the  tweeps  with  the  ttate-tpace  aodel.  Once  again, 
this  final  time-domain  aodel  correlate*  well  at  aedlun  and  high  frequency,  with  tome  discrepancy  at  low 
frequency.  Overall,  however,  the  agreeMnt  Is  quite  satisfactory. 


- FLIGHT  DATA 

- TIME-DOMAIN  IDENTIFICATION 


TIME,  tec 

Fig.  8.  Time-domain  identification  of  lateral/directlonal  aodel. 
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The  present  XV-15  study  It  the  first  experience  with  explicit  dett  weighting.  This  technique  cer¬ 
tainly  requires  further  development  and,  at  with  ail  such  weighting  methods,  should  be  used  very  care¬ 
fully.  In  this  regard,  the  coaparlson  with  the  frequency-doaialn  retults  Is  very  helpful  In  evaluating  the 
confidence  and  the  range  of  validity  of  the  retults. 

c.  Identification  of  the  Longitudinal  Notion 

For  the  Identification  of  the  longitudinal  model,  an  elevator  sweep  test  was  combined  with  a  power 
sweep  test.  The  Identification  results  for  the  longitudinal  dynamics  were  analogous  to  the  preceding 
lateral/dlrectlonal  retults: 

The  heave  equation  Is  practically  decoupled  and  can  easily  be  Identified  from  the  power  sweep  tests 
to  obtain  the  vertical  damping  and  the  control  derivatives. 

The  elevator  sweep  showed  the  same  tendency  as  the  aileron  sweeps:  It  was  not  possible  to  determine 
a  model  that  Is  equally  good  for  the  low-  and  high-frequency  range.  Again,  the  main  problem  occurred 
In  the  moment  equation  so  that  the  discrepancies  were  seen  In  the  pitch-rate  coxparlson. 

Only  one  of  the  three  available  flight  tests  could  be  evaluated.  When  the  other  two  tests  were  used,  the 
identification  results  diverged  and  became  unusable.  This  Is  In  agreement  with  the  frequency-domain  anal¬ 
ysis  which  also  Indicated  some  problems  with  these  runs.  For  the  one  remaining  elevator  sweep  run,  the 
first  30  sec  of  data  had  to  be  removed  In  order  to  reach  convergence  In  the  estimation.  Again,  the  data- 
welghtlng  technique  was  successfully  used  to  obtain  a  satisfactory  fit  for  the  higher  frequency  part  of 
the  data.  The  longitudinal  model  parameters  are  given  In  Table  2.  Unfortunately,  the  Identified  longitu¬ 
dinal  model  Is  based  on  only  a  rather  limited  amount  of  data.  Therefore,  except  for  the  heave  equation, 
this  model  cannot  be  expected  to  have  the  same  level  of  reliability  as  the  lateral/dlrectlonal  model. 
However,  the  good  comparison  with  the  frequency- domain  results  as  discussed  In  the  next  settlons  show  that 
the  time-domain  model  accurately  represents  the  XV-15  longitudi  .  dynamics. 


TABLE  2  ^-Domain  Identification  Results 


Derivative 

Mean 

Variance 

Standard  Deviation 

Standard  Deviation 
(X  of  mean  value) 

a)  Lateral/Olrectlonal  Paremet 

runs  ( 

Yv 

-0.0749 

2.04  «  ...  ’ 

0.0143 

-19.1 

Lv 

-0.0179 

5.67  »  1C'6 

0  00238 

-13.3 

v4 

-0.0116 

1.41  »  10'7 

0.000376 

-3.37 

aa 

LP 

-0.559 

1.03  ,  10'2 

0.101 

-IB.  1 

Nv 

C. 00141 

3.45  *  10‘c' 

0.00186 

132. 

Lr 

-0.349 

i.33  «  10'2 

0.115 

-33.0 

L, 

-0.0617 

3.00  «  10'6 

0.00173 

-2.81 

N& 

0.00615 

2.15  »  10'7 

0.000463 

7.53 

Nr 

-u.0715 

6.00  «  10‘6 

0.00245 

-3.42 

\ 

0.0127 

1.78  »  10'7 

0.000422 

3.30 

b)  Longitudinal  Parameters  (1  run) 
Xu  -0.0636 

X*  0.0175 


0.09  39 

units:  u,v,w 

m/sec 

-0.0685 

P.q.r 

rad/ sec 

-0.122 

4 jt4e»4r 

deg 

-0.0469 

«C 

X 

-0.00959 

n 

0.0204 

L.M.N 

n-m 

M*  -0.00160 

Mq  -0.477 

M.  -0.0401 

se 
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4.  COMPARISON  OF  IDENTIFICATION  RESULTS 

This  section  courts  the  frequency-  end  time-domain  tdentlflcetlon  results.  This  comparison  i5  done 
In  frequency-  end  time-domain  formats,  since  both  ere  Important  for  ensuring  Model  fidelity.  In  the 
frequency-domain  forest,  trensfer-functlon  parmneters  froe  the  frequency-doeeln  Identification  ere  com- 
pared  with  those  obtained  froe  the  state-space  formulation.  Also,  frequency  responses  from  the  two  Models 
are  coMpared  with  the  flight-data  frequency  response.  Since  the  frequency-domain  format  is  the  ‘natural 
environment"  for  frequency-domain  Identification,  the  Models  obtained  from  this  approach  generally  fit  the 
flight-data  responses  better  than  those  obtained  from  time-domain  Identification.  Comparison  In  the  time- 
domain  format  Is  achieved  by  driving  the  frequency-domain  models  with  the  frequency- sweep  Input  histories. 
The  resulting  responses  are  compared  with  the  responses  of  the  vehicle  and  the  time-domain  Identification 
fits.  Since  this  Is  the  ‘natural  environment*  for  time-domain  Identification,  models  Identified  using 
this  approach  generally  match  the  flight  data  better  here.  (The  detailed  discussion  of  the  retults  for 
the  roll-axis  Is  continued,  and  the  results  for  the  remaining  axes  are  again  summarized.) 

A.  Comparison  In  the  Frequency-Domain  Format 

Transfer  functions  are  obtained  from  the  time-domain  Identification  results  of  Eqn.  11  (and  Table  2) 
by  Cramer's  rule,  and  are  tabulated  for  comparison  with  the  frequency-domain  results  In  Table  1. 


(1)  Latersl/dlrectlonal  Models 

The  results  of  Table  1  Indicate  that  the  lateral/dlrectlonal  modes  (denominator  factors  of  the  trans¬ 
fer  functions)  are  nearly  Identical  for  both  techniques,  except  for  the  difference  In  the  unstably  damping 
ratio  (tp).  The  high-frequency  gain  and  time  delay  of  the  three  trar.ifer- functions  compare  very  well, 
while  there  are  some  differences  In  the  low-frequency  numerator  factors. 

The  relative  significance  of  the  differences  lu  the  transfer- function  parameters  can  be  more  clearly 
seen  from  the  frequency-response  comparison  of  the  models  with  the  flight  data.  The  roll  responses  of  the 
Identified  models  and  the  aircraft  are  shown  In  Fig.  9.  At  frequencies  of  u  >  1  rad/sec,  both  models 
correspond  almost  exactly  with  the  flight  data.  Also,  both  models  correctly  predict  a  low-frequency 
Instability  at  u  ■  0.5  rad/sec,  with  a  falling  magnitude  response  for  lower  frequencies. 

A  closer  examination  cf  the  magnitude  and  phase  comparisons  shows  that  the  frequency-domain  Identifi¬ 
cation  result  matches  the  magnitude-response  curve  better  than  the  time-domain  Identification  result  In 
the  vicinity  of  the  dominant  mode  (u  •  0.5  rad/sec).  However,  the  time-domain  Identification  result 
matches  the  phase  response  curve  better  In  this  frequency-range.  This  difference  Is  due  entirely  to  the 
inherent  weighting  of  the  two  methods.  In  the  frequency-domain  Identification  method,  the  relative 
weighting  between  magnitude  and  phase  IS  arbitrary,  but  the  standard  choice  (1  B3  error:  7’  error)  has 
produced  satisfactory  results  In  a  number  of  Identification  studies  conducted  by  one  of  the  authors 
(Refs.  1-4),  In  time-domain  Identification,  the  performance  Index  Is  much  more  sensitive  to  phase  errors, 
which  generate  a  large  arcs  between  the  model  and  flight-data  responses.  Thus,  the  phase  response  Is  more 
closely  matched.  Also,  time-domain  Identification  resuits  can  be  highly  sensitive  to  the  Identified  value 
of  time-delay,  which  must  be  an  Integral  multiple  of  the  sample  rate. 

The  fact  that  magnitude  and  phase  curves  cannot  be  matched  simultaneously  In  either  frequency  or 
time-domain  Identification  methods  further  Indicates  the  existence  of  Important  nonl inearl  ties  In  the  low- 
frequency  roll  oscillation  modes.  Therefore,  linear  models  (from  either  method)  are  a  compromise  and 
cannot  fully  characterize  the  nonlinear  behavior  of  the  vehicle.  Both  methods  capture  the  Important 
vehicle  response  characteristics  and  are  generally  In  good  agreement  with  each  other.  Similar  agreement 
Is  also  exhibited  In  the  yaw  responses  to  rudder  (r/5f)  and  aileron  (r/«  ;  Inputs. 


- FLIGHT  DATA 

- FREQUENCY-DOMAIN  IDENTIFICATION 

- TIME-DOMAIN  IDENTIFICATION 


a 


Fig.  9.  Comparison  of  roll-response  models  (p/-«8)  In  the  frequency-domain  format,  a)  Magnitude; 
b)  phase. 
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(2)  Longitudinal  Models 

The  comparison  of  transfer- function  Models  for  the  longitudinal  degrees-of-freedom  Is  very  similar  to 
the  preceding  results  for  the  laterel/dlrectlonal  degrees-of -freedom.  The  dominant  modes  of  motion  for 
the  two  methods  are  very  close,  except  for  the  difference  In  the  unstable  daeplng  ratio,  cp  (again  roughly 
a  factor  of  2).  The  high-frequency  gain  and  time  delays  of  the  two  transfer  functions  are  also  nearly 
Identical,  with  some  differences  In  the  low-frequency  numerator  paraamters.  As  before,  the  frequency- 
response'  match  between  the  two  models  and  the  flight  data  Is  nearly  Identical  for  frequencies  greater  than 
1  rad/sec.  Also,  In  the  frequency  range  near  the  dominant  mode  (u  ■  0.5  rad/sec),  the  frequency-domain 
model  fits  the  magnitude  response  better,  while  the  time-domain  model  fits  the  phase  response  better. 

Once  again,  non! Inearl  ties  and  differences  In  Inherent  weighting  of  the  methods  Is  the  cause  of  this 
discrepancy.  In  general,  however,  the  agreement  between  the  models  and  the  flight  data  Is  quite 
satisfactory. 

B.  Comparison  In  the  Time-Domain  Format 

Transfer  functions  obtained  from  the  frequency-domain  Identification  were  converted  Into  a  canonical 
state-space  representation  to  generate  time  histories  for  tha  comparison  with  the  flight-test  data.  A 
bias  term  was  estimated  for  each  equation  (using  a  least-squares  procedure)  to  compensate  for  zero  •  Its 
and  drifts.  Figure  10  she  vs  an  aileron-sweep  time  history  compared  with  the  frequency-domain  Iden  .  led 
model,  and  the  time-domain  identified  model.  For  the  high-frequency  Inputs,  both  models  yield  vlr. . .  ly 
the  same  result  and  agree  with  the  flight-test  data.  In  the  lower  fiequency  range,  some  differences 
between  the  two  models  and  differences  with  the  flight-test  data  can  be  seen.  Generally,  the  agreement 
with  the  flight  data  Is  quite  satisfactory,  so  It  can  be  stated  that  both  Identified  models  represent  the 
dynamics  of  the  aircraft  fairly  well.  The  discrepancies  between  the  two  model  responses,  however.  Indi¬ 
cate  that  no  unique  model  can  be  Identified;  the  slightly  different  results  reflect  the  specific  Identifi¬ 
cation  criterion  of  each  method.  This  confirms  the  preceding  conclusions  from  the  comparison  In  the 
frequency-domain  format. 


5.  TIME-DOMAIN  VERIFICATION  USING  STEP-RESPONSE  DATA 


A  good  way  to  Judge  the  utility  of  the  Identification  results  Is  to  compare  the  prediction  of  the 
Identified  models  with  the  vehicle  response  for  Inputs  other  than  those  which  were  used  In  the  Identifica¬ 
tion  procedure.  Here,  step  Inputs  are  used  since  these  are  quite  different  from  the  frequency-sweep  forms 
which  arc  used  In  Identification.  (These  step  Inputs  tended  to  be  very  rounded  In  nature,  so  low-pass, 
preconditioning  to  remove  high-frequency  elements  of  the  Input  signal  Is  not  necessary  as  was  done  In 
Ref.  4.) 
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Fig.  10.  Comparison  of  roll-response  models  In  the  time-domain  format. 
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A.  Lateral /Directional  Notion 

The  Identification  of  the  yaw  Motion  did  not  cause  any  difficulties.  Therefore,  a  satisfactory  pre¬ 
diction  capability  can  be  expected.  Figure  11  compares  the  yaw-rate  Model  responses  with  the  measured 
data  for  a  pedal -step  Input.  Good  agreexent  Is  apparent  for  both  models.  The  small  discrepancies  are 
caused  by  an  Inaccurate  calibration  factor  between  pedal  and  rudder  (surface)  deflection,  and  some  mid¬ 
frequency  Mismatch  of  the  first-order  yaw  Model  (Ref.  9). 

Identification  problems  associated  with  the  aileron-sweep  evaluation  have  been  discussed  In  detail. 
The  verification  using  step  Input  data  offers  a  good  possibility  to  check  the  validity  of  the  linear 
models.  Lateral  stick  step-inputs  were  flown  with  the  roll  SCAS-off  and  the  yaw  SCAS-on;  so  the  measured 
yaw-rate  response  shown  In  Fig.  12  results  from  the  pilot's  lateral  stick  and  pedal  Inputs,  and  the  yaw- 
SCAS  activity.  The  comparison  of  the  roll  rate  (p)  and  roll  angle  (a)  response  proves  that  both  models 
are  able  to  predict  accurately  the  aircraft  motion.  This  agreement  Is  also  true  for  the  yaw  rate  compari¬ 
son  which  Indicates  that  the  coupling  derivative  (N4  )  was  correctly  Identified.  Minor  differences 
between  the  two  model  responses  probably  result  as  before  from  the  different  weighting  methods. 

B.  Longitudinal  Notion 

The  heave  response  Is  practically  decoupled  and  gave  no  problems  In  either  Identification  method; 
good  verification  results  are  expected.  Figure  13  shows  that  the  power  step  responses  agree  with  the 
measured  (quite  noisy)  vertical  acceleration  data.  The  responses  are  shown  separately  For  the  two  models 
since  they  are  practically  Identical  and  cannot  be  distinguished  when  shown  within  the  same  plot. 


- FLIGHT  DATA 

- FREQUENCY. DOM  AIN  MODEL 

- TIME-DOMAIN  MODEL 


Fig.  11.  Coapartson  of  yaw-rate  response 
prediction  for  step  rudder  Input  (yaw  SCAS-off). 
a)  Pedal  Input  ±100*  a^  .  ±44  deg  ar;  b)  yaw- 
rate  response. 


- FLIGHT  DATA 

- FREQUENCY-DOMAIN  MODEL 
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Fig.  12.  Collar  Ison  of  lateral/dlrectlonal 
response  prediction  for  step  aileron  Input  (roll 
SCAS-off,  yaw  SCAS-on).  a)  Aileron  Input;  b)  roll 
rate;  c)  roll  angle;  d)  yaw  rate. 
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- FLIGHT  DATA 


Fig.  13.  Comparison  of  vert leal -acceleration  respc.se  prediction  for  step  power  lever  Input,  a)  Power 
lever  Input;  b)  frequency-domain  model;  c)  time-domain  model. 


Nonllnerrltles  and  a  limited  pitch-response  data  base  led  to  problems  In  Identifying  a  longitudinal 
model,  as  has  beer  discussed.  Therefore,  the  verification  tests  using  elevator  steps  are  particularly 
helpful  In  checking  the  reliability  of  the  two  models.  Figures  14  and  IS  compare  the  pitch-model 
responses  for  two  different  flight  conditions;  pitch  SCAS-off  and  pitch  SCAS-on.  In  both  cases,  the 
Identified  models  yield  a  good  prediction  of  the  aircraft  response.  Again,  the  minor  differences  between 
the  responses  are  due  to  the  Inherent  weighting  of  each  method. 

The  SCAS-off  data  fit  of  Fig.  14  Is  of  special  Interest.  Since  the  models  were  extracted  from 
SCAS-on  flight-test  data,  some  output/input  correlation  cannot  be  avoided  and  may  lead  to  significant 
Identification  errors;  In  the  worst  case,  the  Inverse  feedback  transfer  function  rather  than  the  open-loop 
aircraft  response  would  be  Identified  (Ref.  9).  However,  the  good  agreement  between  the  model  time  his¬ 
tories  and  the  SCAS-off  flight  data  In  Fig.  14  clearly  demonstrates  that  the  open-loop  dynamics  of  the 
aircraft  were  determined.  The  overall  excellent  correlation  of  the  models  and  step-response  data  adds 
confidence  to  the  accuracy  of  Identified  derivatives  and  transfer  functions,  and  the  estimation 
techniques. 


6.  NONLINEAR  HODEL  IDENTIFICATION 

The  preceding  Identification  results  from  both  time-  and  frequency-domain  techniques  have  demon¬ 
strated  that  linear  model  Identification  yielded  a  compromise  bitween  low-  and  high-frequency  data  fits, 
or  between  magnitude-  and  phase-response  fits.  They  suggest  the  existence  of  significant  nonllnearltles, 
particularly  In  the  roll  and  pitch  axes.  Therefore,  the  nonllrear  maximum  likelihood  time-domain  method 
was  utilized  to  Identify  an  extended  model  and  to  Investigate  the  Importance  of  various  parametric  terms. 

Relatively  large  amplitude  aircraft  responses  during  the  low-frequency  Inputs  (see,  for  example. 

Fig.  8)  are  a  common  characteristic  of  all  of  the  frequency-sweep  flight-test  data.  Deviations  from  the 
steady-state  trim  are  In  the  range  of; 

9-14  m/sec  In  lateral  speed  (aileron-sweep) 

8-11  m/sec  In  longitudinal  speed  (elevator-sweep) 

25-37  deg  In  roll  angle  (aileron-sweep) 

17  deg  In  pitch  angle  (elevator-sweep) 
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Fig.  14.  Comparison  of  pitch-response  prediction 
for  step  elevator  Input  (pitch  SCAS-off). 
a)  Elevator  Input;  b)  pitch  rate;  c)  pitch  angle. 


Fig.  15.  Comparison  of  pitch-response  prediction 
for  step  elevator  Input  (pitch  SCAS-on). 
a)  Elevator  Input;  b)  pitch  rate;  c)  pitch  angle. 


These  amplitudes  are  certainly  large  enough  to  violate  the  small-perturbation  assumptions  for  linear 
models;  further,  the  dynamic  characteristics  of  hovering  rotorcraft  are  especially  sensitive  to  transla¬ 
tional  speed  changes.  Therefore,  the  linear  model  was  first  extended  by  adding  nonlinear  speed  deriva¬ 
tives  (L(v**2)  and  L(v**3))  to  the  roll  moment  equation;  the  curve-fits  Improved  significantly,  In  par¬ 
ticular  owing  to  L(v**2).  Further  attempts  to  reduce  the  remaining  discrepancies  were  made  by  Including 
additional  nonlinear  terms.  Their  significance  was  checked  with  time-history  comparisons  and  the  evalua¬ 
tion  of  the  parameter  covariance  matrix,  which  Indicates  the  reliability  of  the  Identified  parameter  and 
the  correlation  with  other  parameters.  As  a  preliminary  result,  a  model  was  Identified  that  Includes  the 
above  mentioned  speed  derivatives  and.  In  addition,  L(«a'-*2)  and  L(sa*u). 

Figure  16  shows  that  the  nonlinear  model  fits  the  measured  data  almost  perfectly.  The  results  pre¬ 
sented  In  Fig.  16  are  preliminary  and  are  Intended  to  Illustrate  the  possible  role  of  nonl Inearltles  In 
the  dynamics.  It  Is  Important  to  note  that  the  model  was  Identified  without  the  use  of  any  explicit  data 
weighting.  This  suggests  that  the  additional  weighting  (e.g.,  high  frequency  versus  low  frequency)  Is  not 
required  when  an  appropriate  model  formulation  Is  applied.  However,  the  evaluation  again  revealed  a  well 
known  Identification  problem:  It  Is  always  possible  to  Improve  the  time-history  curve  fit  by  arbitrarily 
adding  model  parameters.  But,  a  useful  model  requires  the  estimated  derivatives  to  have  physical  signifi¬ 
cance.  It  Is  the  responsibility  of  the  analyst  to  define  and  select  meaningful  additional  terms.  For  the 
side-by-side  rotor  configuration  of  the  XV-15,  the  speed-related  derivatives  (L(v**2)  and  l(v**3))  are 
physically  Justified.  Similarly,  the  control  effectiveness  myi  be  In  fact  nonlinear  and  dependent  on 
forward  speed;  but  these  effects  should  be  further  Investigated. 


7.  ASSESSMENT  OF  IDENTIFICATION  METHODS 

This  cooperative  study  has  provided  the  unique  opportunity  for  specialists  using  different  methods  to 
compare  and  coordinate  analyses  of  a  common  rotorcraft  data  base.  This  experience  has  been  Invaluable  for 
gaining  a  better  appreciation  for  the  advantages  and  limitations  of  both  techniques,  and  for  formulating 
Ideas  for  an  Integrated  approach  to  dynamics  Identification.  The  following  observations  are  based  on  the 
results  of  this  cooperative  effort. 
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Fig.  16.  Example  of  time-domain  Identification  of  a  nonlinear  lateral/dlrectlonal  model. 


\ 


The  principal  advantages  of  f reouency-domal n  Identification  ares 


a.  Frequency  responses  of  the  dominant  on-axis  Input/output  pairs  are  rapidly  generated  and  are  very 
useful  for  gaining  a  good  appreciation  for  the  Inherent  vehicle  dynamics.  The  fact  that  the  extracted 
frequency-responses  are  Independent  of  pre-assumed  models  Is  Important  for  the  Initial  assessment  of 
natural  system  order,  dominant-mode  locations,  and  stability  characteristics.  As  a  result,  a  better 
choice  of  appropriate  model  structure  and  order  Is  possible. 


b.  Parameters  associated  with  the  high-frequency  dynamic  behavior  can  be  determined  directly  from 
the  frequency-responses  without  any  a  priori  assumption  of  model  structure.  Specifically,  the  control 
derivatives  (e.g.,  Ls  ,Nj.)  are  determined  from  the  high-frequency  gain  responses,  and  the  equivalent  time 
delays  (e.g.,  t4,t#)  are  determined  from  the  high-frequency  phase  responses. 

c.  Weighting  can  be  accomplished  explicitly.  Relative  weights  can  be  arbitrarily  assigned  to  the 
magnitude  and  phase  curves.  Model  fitting  can  also  be  arbitrarily  weighted  more  to  the  low-  or  high- 
frequency  range — depending  on  the  Intended  use  of  the  model. 


d.  Accurate,  high-resolution  frequency-response  Identification  Is  given  the  main  eaphasls  in  this 
method.  CHIRP  z-transfor*  methods  are  especially  well  suited  for  Identifying  frequency-responses  from 
noisy  flight  data.  The  resulting  transfer-function  models  are  a  much  closer  representation  of  the 
frequency-response  characteristics  than  Is  possible  with  time-domain  Identification. 


The  principal  disadvantages  of  freouencv-domaln  Identification  are: 


a.  Current  techniques  are  not  well  suited  for  highly  coupled  multl-lnput/multl-output  (NINO)  system 
Identification,  although  two-lnput/slngle-output  identification  has  been  successfully  attained  In  the 
present  study.  More  highly  automated  techniques  are  needed  to  make  the  frequency-domain  methodology  effi¬ 
cient  when  the  required  nuifcer  of  Input/uutput  frequency-responses  Is  large.  Also,  methods  for  simulta¬ 
neous  fitting  of  many  coupled  responses  Is  necessary  to  ensure  commonality  of  transfer-function  denomi¬ 
nator  parameters  for  MIMO  models. 
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b.  Frequency-domain  Identification  results  In  transfer-function  models.  Individual  stability  deriv¬ 
atives  ere  not  readily  extracted  unlost  the  assumed  itodolt  or*  of  very  low  order. 

c.  Spectral  analysis  ettuaet  input -to-output  linearity.  For  nonlinear  systems,  the  transfer  func¬ 
tions  ere  11  near  lied  describing  functions  Identification  of  pure  nonlinear  peremtert  It  not  possible. 

The  principal  edventeaes  of  tlme-domsln  Identification  ere: 

a.  The  aethod  1$  naturally  suited  to  multl-lnput/multl-output  identification  since  the  eodel  can  be 
of  arbitrary  order  end  structure.  This  Method  Is  especially  well  suited  for  Identifying  highly  coupled 
tystaas. 

b.  Stability  end  control  derivatives  are  Identified  explicitly,  end  the  Method  leads  to  the  Identi¬ 
fication  of  a  complete  state-space  nodal. 

c.  Considerable  effort  Is  Invested  In  achieving  the  highest  quality  of  time-domain  data.  Data  con¬ 
sistency,  drop-out  tests  and  signal-reconstruction  Methods  are  an  Integral  part  of  the  time-domain  Identi¬ 
fication  procedure.  The  least-squares  fitting  In  the  tlMa-doiealn  with  high-quality  tine-history  data 
results  In  a  Much  better  tlae-dooaln  fit  of  the  frequency-sweep  responses. 

d.  Extended  maximum-likelihood  techniques  can  be  used  to  Identify  paranetrlc  nonlineerltles  which 
are  especially  Irportant  in  the  low-frequency  dynamics  of  hovering  rotorcraft. 

The  principal  disadvantages  of  tlee-donaln  Identification  are: 

a.  The  results  ai-e  dependent  on  presumed  Model  structure  and  order.  When  a  new  configuration  Is 
being  Identified,  »  priori  knowledge  of  node!  structure  nay  not  be  available,  and  considerable  variation 
In  the  pareneters  can  occur  when  the  model  structure  Is  altered. 

b.  Explicit  frequency-doiealn  weighting  Is  not  possible.  Specifically,  the  time-domain  Method  Inher¬ 
ently  weights  phase  errors  more  heavily  than  magnitude  errors.  This  characteristic  makes  the  extracted 
state-space  model  very  sensitive  to  pure  time  delays  and  u modeled  high-frequency  dynemlcs.  also,  the 
method  Inherently  weights  low-frequency  dynamics  much  greater  than  high-frequency  dynamics;  this  weighting 
can  be  adjusted  when  the  Input  signal  has  monotonleally  Inertaslng  frequency  content  as  In  the  frequency- 
sweep. 


c.  Confidence  In  the  Individual  state-space  model  parameters  may  be  very  low  since  the  identified 
state-space  model  can  contain  a  high  degree  of  internal  cancellation  In  the  overall  Input-to-output 
response. 


8.  A  PROPOSAL  FOR  A  COORDINATED  FREQUENCY -OOMAIN/TIHE-OOHAIN  IDENTIFICATION  METHOD 

The  preceding  assessment  of  the  advantages  and  limitations  of  each  Identification  method  suggests  the 
fol luting  coordinated  frequency-domain/time-domain  Identification  approach: 

Step  l.  Use  time-domain  signal  conditioning  methods  to  clean  up  the  flight  data  for  drop-outs,  wild 
points,  and  consistency.  For  example,  rate  gyros  can  be  Integrated  and  compared  with  attitude  gyros. 

Step  2.  Identify  the  dominant  Input/output  on-axis  frequency. response  characteristics  using  only  the 
best  runs,  as  determined  from  coherence  analyses  of  the  Individual  frequency-sweeps.  Identify  the  effec¬ 
tive  time  delay  and  high-frequency  control  sensitivity  directly  from  the  frequency-response  plots. 

Step  3.  Formulate  low-order  system  models  from  Inspection  of  the  Identified  frequency-response  plots 
and  theoretical  analyses.  Determine  the  on-axis  transfer-function  parameters. 

Step  4.  Formulate  a  state-space  model  which  has  a  structure  and  order  consistent  with  the  transfer- 
function  model  formulation.  Time-domain  Identification  should  be  completed  with  the  equivalent  time  delay 
fixed  at  the  value  Identified  In  Step  3.  Weighting  sheuld  be  applied  to  the  time-history  data  to  ensure 
that  the  control  sensitivity  derivatives  are  maintained  at  the  value  Identified  in  Step  3.  (Alterna¬ 
tively,  the  control  derivatives  can  be  fixed.) 

Step  S,  Compare  the  extracted  on-axis  transfer-functions,  frequency-responses  and  time  histories 
from  the  time-domain  and  frequency-domain  results.  If  substantial  errors  exist,  go  back  to  Step  2; 
reevaluate  the  quality  of  the  spectral -responses,  time  responses,  and  the  order  and  structure  of  the 
selected  models.  If  the  models  are  found  to  be  the  best  which  can  be  achieved  under  the  assumption  of 
linearity,  pursue  nonlinear  maximum- likelihood  methods  to  Identify  the  dominant  parametric  nonlineerltles. 

Step  6.  Verify  the  extracted  models  using  time-history  data  from  Inputs  not  used  in  the  identifica¬ 
tion  procedure.  If  significant  erro't  brtween  the  predicted  and  actual  response  characteristics  exist, 
reevaluate  the  significance  of  observed  discrepancies  In  frequency  and  time-domain  Identification  fits. 

If  necessary,  go  to  Step  3  and  Increase  the  order  of  the  models;  but,  check  for  the  possibility  of  model 
over-parameterization  by  trying  a  few  different  verification  Inputs. 
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9.  CONCLUSIONS 

TM»  Joint  effort  has  provided  the  unique  opportunity  for  tpeclellttt  In  different  technique!  to 
coeptre  their  epproechet  using  e  common  flight  test  dete  baa*.  On  the  beilt  of  this  coeperlton,  It  het 
been  shorn  thet  the  frequency  end  time -domain  Methods  etch  h«ve  Inporttnt  tdventeget  end  Inherent  llmltn- 
tlons.  Future  identification  efforts  Must  be  baud  on  a  comprehensive,  coordinated  approach  which  uses 
both  frequency  and  tlMe- domain  methods. 
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SUMMARY 

Tha  phlloaophy  of  Operational  Load  Measurement  programmes  aa  applied  to  rotary  wing 
aircraft  la  reviewed*  A  major  ale  la  to  auhatenttate  component,  fatigue  Uvea  In  the 
light  of  operational  uaage*  The  aircraft  Installation  to  seat  the  objectives  of  the 
programmes  is  described.  The  analysis  techniques,  which  are  designed  to  provide  the 
operator  and  engineer  with  a  visibility  of  the  origin'  of  fatigue  damage,  are  described 
with  Illustrative  examples  taken  from  current  prograanes.  The  Paper  draws  Attention  to 
problem  areas  that  muat  be  addreaaed  in  comprehensive  fatigue  monitoring  systems. 


1  INTRODUCTION 

In  the  UK,  the  structural  usage  of  many  fixed  and  rotary  wing  aircraft  In  RAF  ser¬ 
vice  are  assessed  through  Operational  Load  Measurement  (OLM)  programmes.  These  pro¬ 
gressive  seek  to  validate  the  fatigue  substantiation  process  in  the  light  of  operational 
usage.  Fatigue  damage  due  to  in-service  loading  actions  Is  evaluated  against  a  struc¬ 
tural  performance,  which  la  established  through  component  or  major  structural  fatigue 
testa,  In  aa  direct  a  manner  as  possible.  In  these  programmes,  a  few  aircraft  of  the 
fleet  are  comprehensively  instrumented  with  strain  gauges,  aircraft  control  and  motion 
sensors  and  a  recording  system.  These  aircraft  are  then  returned  to  service  and  used 
over  tha  period  of  the  programme  in  the  normal  mix  of  missions  and  flight  environments. 
Typically  tha  programmes  gather  data  over  a  one  to  two  year  period. 

The  aims  of  the  programmes  ara  threefold t 

(a)  to  establish  tha  fattgua  llvas  of  major  componants  through  direct  load 
maasuramant  and  thus  anaure  that  promulgatad  fattgua  lives  are  appropriate  for  the 
usage  of  the  aircraft, 

(b)  to  put  a  structural  coat  on  manoeuvres/operations  to  permit  cost  effective 
management  of  the  fleet, 

and  (c)  to  determina  an  efficient  means  of  monitoring  the  structural  usage  of  the 
aircraft  or  aircraft  component. 

Since  the  1950s  the  structural  usage  of  fixed  wing  aircraft  hae  been  monitored  on 
an  Individual  aircraft  bests  using  information  partlnant  to  tha  loading  actually  experi- 
encad  by  the  airframe  during  a  mission.  For  the  helicopter,  fatigue  Uvea  are  usually 
quoted  In  terms  of  flying  hours.  From  a  logistic  point  of  view,  fatigue  monitoring  is 
simple  but  many  questionable  assumptions  have  been  invoked. 

In  calculating  fatigue  lives  for  helicopter  components,  it  is  ntcoasary  to  describe 
how  the  helicopter  will  be  used  in  terms  oft 

(1)  configuration  dstalls  ouch  as  weight,  eg  and  If  applicable  cargo  type,  etc. 

and  (11)  flight  conditions  such  as  hovering,  transitions  to  and  from  the  hover, 

ascent,  descant,  level  flight,  left  and  right  turna,  autorotation,  spot  turns, 
backwards  and  sidewards  flight,  etc. 

Nher.  the  severity  of  each  category  is  taken  Into  account,  it  is  not  uncommon  for 
several  thousand  separate  conditions  to  bt  admitted  to  the  calculation.  For  each  such 
usage  condition,  it  is  necessary  to  deduce,  by  calculation  or  flight  test,  the  fatigue 
damage  attributable  to  unit  time  In  that  condition.  This  has  to  he  done  for  each 
component  under  consideration.  Fatigue  lives  for  the  assumed  usage  can  than  be  evalu¬ 
ated.  The  accuracy  of  the  calculated  fatigue  lives  depends  upon  tha  appropriateness  of 
the  designated  flight  conditions  to  cover  the  fatigue  damaging  activities  in  the  military 
operational  usage  and  the  adequacy  of  the  corresponding  damage  estimates  derived  -at  they 
ere  from  loads  or  stresses  measured  curing  flight  teat  oftan  during  tha  development 
phase.  There  la  thus  frequently  a  need  to  distinguish  between  the  different  roles  in 
which  the  helicopter  is  deployad  and  to  recognit*  that  changes  of  tactics,  etc  within  a 
rola  can  have  a  marked  effect  on  loade  or  stresses  gensrattl  with  consequential  effect  on 
fatigue  daaiage.  Clearly  an  operational  assessment  of  the  loading  actions  on  helicopters 
is  aasantlal  it  realistic  fatigue  lives  of  componsnta  ars  to  ba  forthcoming. 

2  QUANTIFICATION  OF  HELICOPTER  USAGE  IN  THE  UK 

Tha  need  tor  Information  on  tha  way  hellcoptars  are  used  wee  recognised  in  the 
early  1970a  but  both  the  recording  technology  and  Instrumentation  techniques  of  the  day 
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prohibited  *11  but  questionnaire  type  surveys.  Towards  th*  and  of  the  decade,  an  ana¬ 
logue  u-v  recorder  eat  uaed  to  record  aircraft  reeponee  parameters!  l)  ■  necessitating  time 
consuming  manual  analyala.  by  1980,  coo pact  digital  recording  equipment  had  been  devel¬ 
oped^]  and  was  used  In  a  one-off  programme  on  an  ln-eerVice  Sea  King]  5] .  Thta  trial 
Installation  vaa  to  be  fol  loved  by  a  five-aircraft  programme  covering  the  different  marks 
of  tea  King  helicopter  and  role  usages. 

The  data  collection  philosophy  adopted  fol loved  that  of  the  helicopter  fatigue 
evaluation.  The  service  aircraft  were  equipped  to  measure  aircraft  control  and  response 
data,  collectively  referred  to  as  parametric  data,  from  uhleh  the  analyst  attempted  to 
Identify  specific  manoeuvres  and/or  conditions.  While  the  data  of  the  trlel  lnatallation 
on  Sea  King  wee  of  eufflclent  quality  to  permit  automatic  analyala.  it  proved  difficult 
to  recognise  specific  manoeuvres  consistently.  The  etrueturel  implications  of  ths  para¬ 
metric  date  were  to  he  aaaeeeed  by  reference  to  e  data  has*  collected  on  a  flight  taat 
vehicle  which.  In  addition  to  the  service  Instrumentation,  was  comprehensively  strain 
gauged.  From  the  Utter  data  source,  It  wee  hoped  to  establish  load/paraatatar  relation¬ 
ships  which  could  be  usad  to  lntarpret  th*  oparatlona)  parametric  data.  In-  tha  event,  It 
was  found  that  tha  number  of  and  eomplax  intercalation  batwean  tha  flight  vartahlsa  In 
manoauvrlng  flight,  particularly  At  low  speed,  wea  likely  to  defeat  attempts  to  deduce 
the  eeeociated  stresses  accurately.  Same  direct  load  maaaursment  would  therefore  he 
neceaeery . 

Financial  restraints  dalayad  tha  follow-up  ln-aarvlca  maaaursment  programme  on  Sea 
King,  Howavar  this  allowed  the  programme  to  be  reconfigured  to  Include  direct  load 
maaauramant.  In  addition  to  recording  dynamic  ayttam  and  alrfraata  tatlgua  related  date, 
date  pertinent  to  engine  health  and  uaaga  will  be  recorded.  However  with  currant  slip¬ 
pages  In  tha  programme,  instrumented  aircraft  are  unlikely  to  be  ln-aarvlca  before  lltl, 
it  la  planned  to  follow  tha  Baa  King  programme  with  a  alx-aircraft  programme  on  Lynx. 

Tha  programme  on  Chinook,  originally  scheduled  downstream  of  tha  Sea  King  programme, 
Included  direct  loed  measurement  from  the  outset  and  la  now  operational  with  three 
Instrumented  aircraft  In  aarvlca. 

In  tha  meanwhile,  tha  recording  equipment  of  the  trial  installation  on  Sea  King  has 
bean  usad  In  an  ad  hoc  programme  on  a  Sea  King  Nk  III  with  soma  direct  load  measurement. 
These  data  together  with  that  from  tha  Chinook  programme  are  used  in  this  Report  to 
Illustrate  tha  type  of  data  analyala  to  be  pursued  and  to  highlight  prcblers  that  must  be 
addressed  if  comprehensive  fatigue  monitoring  on  helicopters  Is  to  bs  realised. 

1  IMPLICATION  Or  DIRKCT  LOAD  MEASUREMENT  0W  IN-SERVICE  DATA  ACQUISITION 

Ths  dsetsion  to  tncluds  direct  load  maasuramenta  In  addition  to  aircraft  control 
and  responas  paramatsra  has  reparcuaalons  tor  in-ssrvlcs  data  collsction  which  ars 
clrcumvsnted  with  a  purely  'parametric'  Installation. 

The  need  to  acquire  direct  loading  data  from  the  dynamic  system  necessitates 
trsnsfer  of  dsta  from  the  rotating  components  to  within  the  fuselage.  This  has  teen 
traditionally  done  through  the  use  of  slip  ring  aaeembllee.  Although  slip  rings  ore  now 
reliable  enough  to  be  used  for  flight  test  applications,  the  melntelnehll lty  problems  on 
an  ln-aarvlca  aircraft  programme  are  likely  to  be  high  for  that  environment.  Neverthe¬ 
less  they  are  used  In  tha  Chinook  installation  and  their  record  to  date  Is  good.  To 
Improve  data  reliability  RF  tranamittar/racalvar  devices  are  being  developed,  and  ar* 
Included  In  monitoring  equipments  for  NHL  30-300  and  EH  101.  A  single  channel  device  is 
included  in  tha  ad  hoc  Sea  Kit g  programme  and  a  five-channel  variant  la  under  development 
for  tha  f Iva-alrcraf t  programme. 

Virtually  all  OLM  programmes  utilise  the  Pleesey  BUMS  date  acquisition  system  or 
one  of  its  derivatives] 2]  .  Tha  equipment  is  relatively  compact  and  baa  bean  shown  to 
produce  data  of  sufficient  quality  tc  analyse  automatically  in  diverse  environments.  A 
bench  test  layout  la  shown  *n  Fig  1.  Jata  are  recorded  on  compact  cassette  which  la  vary 
convenient  for  front  line  usage.  Overall  system  data  rates  and  corresponding  tape  dur¬ 
ations  are  shown  In  tha  table  below. 

Overall  sampling  rate  Tape  recording  duration 
(samples/a)  (hours) 

128  4i 

192  3) 

258  21 

S12  li 

These  data  rates  era  low  compared  with  those  necessary  to  acquire  loading  or  stress  data  , 
from  a  helicopter  dynamic  system  or  Indeed  froai  airframe  structure  whose  loads  trs  a 
function  of  the  higher  orders  of  rotor  speed,  it  Is  therefore  necessary  to  restrict  the 
number  of  load  channels  that  are  examined  simultaneously  or  Invoke  noma  pre-conditioning 
or  enelysla  of  the  raw  loading  signals  prior  to  recording  such  that  ths  required  templing 
rate  le  much  reduced. 

Fatigue  significant  loading  cycles*  In  a  load  time  history  are  Identified  by  the 
range-mean-pairs  (relnflow)  counting  technique] 4]  and  are  described  by  their  amplitudes 
and  mean  values.  Peak-trough  pairs  Identified  as  loading  cycles  ate  not  necessarily 
adjacent  In  the  time  history.  Loading  cycles  whose  amplitudes  fall  below  tha  fatigue 
endurance  limit  can  be  discounted.  If  however  the  mean  of  tha  load  doss  not  vary  then 
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th«  loading  cycles  ere  foraed  fro*  adjacent  pseh-trovgh  pairs.  Sines  the  fatigue  rel*.- 
vant  loading  hiatorls*  (or  helicopter  enaiponsnta  Lev*  approximately  this  characteristic, 
except  when  gross  changes  of  condition  ara  involved,  a  vibratory  signal  which  is 
described  in  terns  of  two  dc  signals,  one  representing  the  local  amplitude  and  tha  other 
the  local  swan  load  can  provide  data  of  usable  accuracy.  Moreover  (rota  a  fatigue  stand¬ 
point  daw age  varisa  as  the  third  or  fourth  power  of  tha  amplitude  of  tha  load  cycle  and 
is  roughly  linear  with  tha  aaan.  In  sows  cases  the  effect. of  ween  load  variationa  la  not 
sufficiently  wall  defined  or  large  enough  to  be  worth  including  and  the  'amplitude'  sig¬ 
nal  can  be  used  in  its  own  right.  When  substantial  Man  load  variatici  a  do  occur  between 
manoeuvre  eta  tee.  it  it  necessary  to  reconstitute  a  single  load  history  from  the  Men  and 
vibratory  signals  from  which  loading  cycles,  which  comprise  a  peek  and  trough  from  dif¬ 
ferent  ewnoeuvrea  or  conditions,  may  be  Identified.  The  frequency  of  occurrence  of  the 
underlying  loading  cycles  must,  be  supplied  by  asperate  data  sources  end  introduced  into 
the  fatigue  calculation.  This  is  true  whether  or  not  recombination  of  the  mean  and 
amplitude  signals  te  necessary. 

The  Chinook  installation  Includes  e  microprocessor -based  peak-to-peak  detector  unit 
which  produces  e  dc  signal  proportional  to  the  maximum  range  excursion  of  a  load  history 
over  a  number  of  rotor  cycles.  The  five-aircraft  See  King  programme  likewise  will 
Invoke  raw  signal  conditioning  so  that  nine  direct  load  measurements  can  be  described 
within  an  overall  sampling  rate  of  256  samples/s.  In  the  ad  hoc  See  King  programme,  a 
single  load  channel  wte  sampled  1?  times  during  a  second,  while  control  and  response 
parameters  and  housekeeping  data  occupied  the  remaining  120  positions  in  the  overall 
sampling  rate  of  192.  The  paranetara  and  their  templing  rates  are  given  in  Table  1  for 
the  Chinook  programmes  and  in  Table  2  for  the  ed  hoc  See  King  programme.  Table  3  con¬ 
tains  the  proposed  parameters  to  be  recorded  in  the  five-aircraft  Sea  King  progranma. 

4  IMPLEMENTATION  Of  OLM 

The  design  and  installation  of  the  OLM  instrumentation  and  the  analysis  of  the 
results  ara  usually  carried  out  hy  the  aircraft  manufacturer  under  HOD  contract.  RAE 
provides  technical  monitoring  of  such  programmes  and  is  actively  involved  In  the  develop¬ 
ment  of  analysis  technique*.  The  strain  gauge  installations  are  designed  to  establish 
the  fatigue  lives  of  critically  lifed  item*  and  to  monitor  the  fatigue  loading  actions  in 
the  major  load  paths.  The  direct  load  Maeuremente  are  used  to  calculate  fatigue  damage 
for  related  structural  features.  During  the  course  of  the  analysis,  the  results  from 
direct  load  measurements  will  be  compared  with  those  generated  from  usage  spectra. 
Occurrence*  and  conditions  leading  to  high  rates  of  fatigue  demage  will  be  identified 
separately  and  reported. 

Component  stresses,  during  particular  manoeuvres  and/or  flight  conditions,  end 
here*  fatigue  damage  are  markedly  dependent  on  aircraft  configuration,  vis  weight  and  eg 
position.  Dsmsgs  usually  increases  markedly  at  high  weights.  It  may  well  ba  that  con¬ 
figuration  detail*  are  the  most  fundamental  parameters  to  he  tracked  in  a  fatigue  evalu¬ 
ation  programme  but  they  ere,  unfortunately,  the  least  amenable  to  automatic  recording, 
while  changes  due  to  fuel  usage  could  be  tracked  through  fuel  flow,  fuel  capacity,  etc 
changes  in  internal  load  must  be  supplied  by  the  operator.  External  loads  ere  tracked 
and  recorded  through  hook  loed  sensors.  Pig  2  show*  the  marked  effect  of  changing  weight 
and  eg  position  on  the  level  of  structural  loading,  eg  Aft  Shaft  Torque  (AST),  when  a 

5000kg  load  ia  carried  sequentially  on  the  forward  (#HL),  centre  (CHL)  and  aft  (AHL) 

hook*  of  Chinook.  Thu*  it  can  be  seen  that  configuration  data  are  vital  if  comparisons 
with  design  usage  spectra  are  to  ba  possible  and  also  for  the  results  to  be  of  maximum 
benefit  to  the  fleet  manager.  Visibility  of  the  origins  of  fatigue  is  very  important  for 
the  operator  seeking  to  equalise  fatigue  consumption  scross  ths  flsst.  Accordingly  In 
the  Chinook  programs,  utilisation  and  fatigue  damage  are  to  be  logged  against  625  usage 
categories  which  comprise  five  weight  bands,  five  centre  of  gravity  bands,  five  density 
altitude  bands  and  five  speed  bands.  Internal  and  external  cargo  configurations  will  be 
separately  logged.  Prom  this  information  damage  in  the  different  roles  will  be  compared. 

Since  in  the  OLM  programme,  read  across  to  the  other  aircraft  in  the  fleet  will,  in 
the  first  instance,  be  via  the  flight  hours  logged  against  the  airframe.  It  is  important 

that  the  definition  of  flight  time  used  in  the  analysis  of  OLM  data  parallels  that  in  the 

aircraft  log.  The  need  for  car*  can  be  seen  from  a  consideration  of  the  way  in  which 
support  helicopters  are  used.  Here,  for  example,  time  on  the  ground  for  aircraft 
loading/unloading  is  usually  Included  in  mission  flight  time,  whereas  more  prolonged 
stops  would  not. 

Additionally  occurrence  spectra  such  aa  the  number  of  rotor  stert/atops,  landings 
end  eutorotationa  will  be  determined.  Usage  spectre  such  ss  time  spsnt  in  prsdsflnsd 
conditions,  sa  single  engine  operation,  levels  of  engine  torque  end  altituds/airspeed 
bands,  will  also  bs  evaluated. 

5  MANAGEMENT  AND  ANALYSIS  OP  OLM  DATA 
5.1  General  philosophy 

Although  automatic  processing  of  ths  cpsrstlonal  dats  is  essential,  it  is  important 
to  have  visibility  of  ths  results  in  an  easily  dlgestlbls  form.  Nhils  it  would  bo 

1  A  loading  cycle  is  formed  when  a  load  history  rises  through  a  particular  lsvsl  to  a 
local  paak,  falls  to  a  trough  at  the  particular  level  and  subsequently  rises  beyond  the 
peak  level  value.  The  peak  and  trough  values  characterise  ths  loading  cycls. 
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impossible  to  examine  all  records  in  fine  detail,  It  la  necessary  to  ensure  that  struc¬ 
turally  relevant  Information  is  not  overlooked.  The  analysis  techniques  are  designed  to 
give  the  engineer  as  much  detail  as  required  in  special  investigations  while  being 
manageable  by  relatively  junior  staff. 

In  processing  data  from' OLM  programmes,  it  has  been  found  necessary  to  introduce  a 
cataloguing  system  to  monitor  progress  of  individual  flights  during  the  analysis  process, 
and  to  provide  a  means  of  categorising  each  flight  so  that  Ilka  flights  may  be  grouped 
together  and  salient  results  pooled.  Up  to  30  separately  identifiable  characterisation 
or  occurrence  codes  together  with  a  numerical  coding  of  mission  type  are  available  in  the 
programme  in  use  at  RAE .  In  .addition,  summary  programmes  are  used  to  collate  and  pool 
results  from  specific  profiles  which  can  be  defined  by  mission  type  or  character  code 
either  singly  or  in  any  combination.  An  example  is  shown  in  Fig  3  which  compares  normal 
g  exceedance  spectra  for  three  different  taekings  A,  B,  and  C  with  that  obtained  overall. 
Although  the  versatility  of  the  helicopter  can  make  categorisation  difficult  beyond  the 
theatre  of  operation,  such  pooled  results  can  be  useful  for  fleet  management  and  design 
purposes.  This  fine  detail  can  only  be  supplied  by  the  operator  and  is  not  normally 
produced  for  any  record  purposes.  Therefore  if  such  information  la  to  be  forthcoming, 
supporting  documentation  is  required  from  operational  units. 

S.2  Interpretation  of  direct  locd  measurements 

The  fatigue  damages  >'alculated  from  the  direct  load  measurement  are  evaliated  on  a 
flight-by-flight  basis.  In  the  analysis  programs  developed  at  RAE,  results  from  flights 
belonging  to  a  specific  profile  are  grouped  together  and  statistics  on  constituent 
flights  produced  to  provide  an  overview.  Thu  statistics  include  data  of  relevance  to 
static  strength  considerations  so  that  important  load  level  exceedances  can  be  isolated 
and  investigated.  The  overview  contains i 


(1)  a  list  of  flight  numbers  of  the  set, 

(ii)  for  each  flight,  the  maximum  and  minimum  of  each  load  channel  and  correspond¬ 
ing  time  into  flight.  (This  item  is  optional.) 

(iii)  the  flight  number  and  time  into  flight  of  the  maximum  and  minimum  of  each 
load  channel  over  the  profile, 

(iv)  significant  deviations  of  the  maximum  and  minimum  of  each  load  channel  com¬ 
pared  with  the  average  over  the  profile, 

(v)  fatigue  damage  statistics  over  all  flights  of  the  profile  for  all  channels, 


and  (vil  graphical  presentation  comparing  the  average  damage  with  that  of  individual 
flights  for  user-selected  channels. 


By  virtue  of  (vi)  extremes  of  fatigue  damage  within  the  set  can  be  Identified  and, 
through  the  detailed  results  of  particular  flights,  studied  in  depth.  During  analysis, 
damage  accumulation  profiles[S]  are  produced  which  enable  high  local  damage  rates  to  be 
identified.  A  typical  example  is  shown  in  Pig  4a  which  depicts  the  damage  growth  through 
the  fliqht  for  a  lift  frame  feature  when  held  up  against  one  of  the  S-N  curves  under 
investigation.  This  is  to  be  viewed  in  conjunction  with  the  coarse  flight  orofile  infor¬ 
mation  of  Fig  4b  which  shows  the  cumulative  count  of  the  number  of  air-ground  and 
ground-air  transitions,  (in  which  an  airborne  state  corresponds  to  an  odd  number  and  a 
ground  state  to  an  even  one)  and  in  shaded  blocked  format,  the  ranges  of  rotor  RPM,  air¬ 
speed  and  altitude  over  an  interval  of  time.  By  comparing  Figs  4a&b,  it  can  be  seen  that 
the  high  rates  of  damage  occurring  between  0-10  minutes  and  70-80  minutes  into  the  flight 
are  associated  with  air-ground-air  transitions.  Clearly,  as  far  as  the  lift  frame  is 
concerned,  the  ground-air-ground  cycles  are  a  major  source  of  fatigue  loading.  This  is 
confirmed  in  Fig  5  which  shows  the  lojation  of  fatigue  damaging  loading  cycles  and  their 
relative  fatigue  damage  contributions*,  as  a  function  of  their  amplitude  and  mean.  The 
largest  ground-air-ground  cycle  contained  in  the  flight  of  Fig  5  is  some  27  units  of 
micro  damage.  However,  when  results  from  a  number  of  flights  are  examined,  it  is  evident 

that  ground-air-ground  damage  can  vary  by  a  factor  of  more  than  2  in  either  direction. 

Among  the  factors  which  contribute  to  this  variation  aret  differences  in  configuration, 
ie  weight  etci  landing  loads;  the  occurrence  of  turbulence;  manoeuvring;  and  the  severity 
of  the  approach  to  hover.  The  latter  la  illustrated  in  Fig  6afcb  which  respectively 
Illustrate  a  repositioning  flight  with  substantially  no  forward  speed  and  one  which 
Involves  a  transition  to  the  hover.  The  amplitude  and  duration  of  the  increased  activity 
on  the  lift  frame  in  the  highlighted  area  A  of  Fig  6b  is  associated  with  rate  of  change 

of  torque.  The  relationahip  is  not  a  simple  one.  In  general  terms  the  larger  amplitudes 

are  generated  above  a  certain  rate  of  change  of  torque  but  the  longer  durations  are 
usually  associated  with  the  more  moderate  rates. 


For  a  particular  structural  feature,  the  fatigue  safe  life  Is  reached  after  the 
application  of  a  number  of  loading  cycles  which  may  differ  in  severity.  The  total 
amount  of  damage  sustainable  by  a  component  is  given  the  value  unity,  and  under  the 
Miner-Palmgren  hypothesis,  each  loading  cycle  contributes  independently  to  the 
accumulation  of  fatigue  damage.  The  amount  of  damage  done  by  individual  cycles  is 
small  and  it  is  convenient  to  work  in  units  of  'damage  x  10-6'  so  that  the  safe  life  of 
the  component  is  reached  at  10®  units. 


The  damage  during  the  airborne  phase  also  covers  a  broad  range  in  damage  terms,  the 
largar  amplitude  cycles  being  associated  with,  or  betweeh,  manoeuvres  which  Involve  large 
engine  torque  variations.  Typical  strain  gauge  signatures  are  shown  in  Pig  7.  Mao 
shown  are  responses  obtained  in  turbulent  conditions  which  include  low  frequency  modu¬ 
lation  of  the  norsal  signature. 

To  provide  further  visibility  of  the  origins  of  fatigue  damaging  regimes,  it  was 
suggested  in  section  4  that  damage  and  operating  time  be  split  up  into  various  usage 
bands.  Tha  supporting  weight  information  in  this  programme  was  not  of  sufficient  quality 
to  attempt  any  breakdown  with  respect  to  weight,  but  that  with  height  and  speed  la  shown 
graphically  in  Fig  8a.  Thus  for  this  sortie  50%  of  the  time  was  spent  in  the  band 
’altitude  <1000  ft  and  speed  MOO  kn*,  but  it  represented  only  8t  of  the  fatigue 
damage.  On  the  other  hand  some  70%  of  the  damage  occurs  whan  the  speed  is  less  than 
40  kn.  Other  sortie  types  produce  different  distributions  of  operating  time  and  associ¬ 
ated  damage  with  respect  to  altitude/alrspeed  bands,  eg  Pig  8b. 

5.3  Effect  of  grouping  loading  cycle  data 

As  is  evident  from  Pig  5,  the  fatigue  damage  due  to  a  loading  cycle  is  a  function 
of  the  amplitude  and  mean  of  the  cycle.  This  function  is  frequently  described 
algebraically.  During  the  course  of  the  analysis  described  above,  loading  cycles  were 
grouped  and  counted  into  cells  of  an  amplitude-mean  frequency  of  occurrence  matrix.  All 
counts  in  an  element  of  such  a  matrix  are  attributed  to  the  amplitude  and  mean  values 
approDrlate  to  the  centroid  of  the  cell.  This  accounts  for  the  discrete  positioning  of 
the  location  of  the  loading  cycles  shown  in  Pig  5.  The  damage  for  the  flight  was  evalu¬ 
ated  as  122.5  which  ia  comparable  with  120.4  calculated  by  treating  each  loading  cycle 
Individually.  Differences  of  this  magnitude,  representing  some  2-3%  of  the  total,  were 
typical.  This  result  Is  of  particular  importance  for  on-board  monitoring  systems  wherein 
fatigue  endurance  performance  may  not  be  fully  established  prior  to  service  usage. 
Reinterpretation  of  loading  cycle  data  for  other  S-N  data  should  be  possible  from  a 
frequency  of  occurrence  matrix. 

6  INSTRUMENTATION  INTEGRITY  AND  ON-BOARD  ANALYSIS 

The  Sea  King  installation  utilises  a  PM  telemetry  torquemeter  and  signal  trans¬ 
mission  system  and  thus  avoids  the  use  of  slip  ring  assemblies  to  gather  data  from  the 
rotating  dynamic  system.  Although  the  system  appeared  to  function  well  for  considerable 
periods,  there  were  occasional  spikes  in  the  waveform  such  as  that  highlighted  in  Fig  6b 
(area  B)  wh'ch  are  considered  to  be  erroneous  since  they  are  not  supported  by  corres¬ 
ponding  motion  on  other  measurands.  The  signature  of  the  erroneous  signals  do  not  differ 
sufficiently  from  other  seemingly  valid  excursioi.s  for  error  recognition  techniques  to 
Isolate  them.  Reasons  for  their  occurrence  are  being  investigated.  These  and  other 
Instrumentation  faults  which  ostensibly  cannot  be  Isolated  by  simple  data  validation 
algorithms  have  Important  ramifications  for  on-board  processing  of  such  data.  Analysis 
algorithms  must  be  constructed  which  permit  result  validation  after  analysis. 

Interference  from  high  frequency  radiation  sources  can  also  destroy  the  quality  of 
a  measurand.  Freedom  from  mutual  interference  problems  is  an  essential  ingredient  for 
any  on-board  analysis  system.  During  the  Initial  flight  testing  of  the  Sea  Xing 
Installation,  it  was  found  that  HP  radio  usage  interfered  with  the  instrumentation. 

While  decoupling  capacitors  improved  the  situation,  as  can  be  seen  by  Pig  9,  it  was  still 
necessary  to  mark  periods  of  HP  activity  and  emit  them  from  the  analysis.  Improved 
screening  techniques  should  improve  the  situation  further.  However,  before  airborne 
analysis  is  attempted,  it  is  suggested  that  stringent  checks  must  b*  carried  out  on  the 
installation  using  raw  data  recording  and  on-ground  examination  of  the  data. 

7  CONCLUSIONS 

Operational  Load  Measurement  programmes  on  helicopters  provide  a  means  of  sub¬ 
stantiating  the  fatigue  lives  of  safe-life  components  promulgated  on  the  basis  of  assumed 
operating  spectra.  In  addition  usage  spectra  and  fatigue  damage  can  be  related  to 
specific  roles  and  miaslon-  types.  Thus  the  programmes  offer  the  operator  accurate  infor¬ 
mation  on  which  to  baae  fleet  management  from  a  structural  standpoint. 

In  the  UK,  Operational  Load  Measurement  progranmtes  are  in  progress  on  Chinook  and 
programmes  on  Ssa  King  and  Lynx  are  planned.  The  programmes  are  considered  to  be  the 
only  reliable  way  of  quantifying  fatigue  usage  and  establishing  accurate  fatigue  lives. 
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Table  1 

CHINOOK  HC  HK  1  PROGRAMME!  RECORDED  PARAMETERS, 
IDENTIPICAtlbN  COPES  AND  SAMPLING  MTES 


Identification 

Code 

Parameter 

Sampling  rate 

RPM 

Rotor  speed 

2 

IAS 

Airspeed 

2 

OAT 

Outside  air  temperature 

1 

ALT 

Altitude 

2 

LOC 

Longitudinal  stick 

8 

LAC 

Lateral  stick 

8 

RUD 

Pedal 

8 

COL 

Collective  pitch 

8 

PCH 

Pitch  attitude 

8 

ROL 

Roll  attitude 

8 

HDG 

Heading 

8 

PHL 

Forward  hook  load 

1 

CHL 

Centre  hook  load 

1 

AHL 

Aft  hook  load 

1 

NZG 

eg  vertical  acceleration 

8 

NTG 

eg  lateral  acceleration 

4 

PPL 

Forward  fixed  link  (dc  signal) 

4 

APL 

Aft  fixed  link  (dc  signal) 

4 

Direct 

AB1 

Aft  shaft  bending  No.l  (dc  signal) 

2 

load 

AB2 

Aft  shaft  bending  No. 2  (dc  signal) 

2 

measurement 

AST 

Aft  shaft  torque 

4 

RAD 

Radar  altimeter 

2 

CGI 

CGI  signal 

2 

TQ1 

No.l  engine  torque 

2 

TQ2 

No. 2  engine  torque 

2 

PT1 

No.l  engine  PTIT 

2 

PT2 

No. 2  engine  PTIT 

2 

Nil 

No.l  engine  gas  producer  speed  (Nl) 

2 

N12 

No. 2  engine  gas  producer  speed  (Nl) 

2 

N21 

No.l  engine  power  turbine  speed  (N2) 

2 

N22 

No. 2  engine  power  turbine  speed  (N2) 

2 

P31 

No.l  engine  P3 

2 

P32 

No. 2  engine  P3 

2 

Discretes! 

2 

Squat  switch 

Arcs  switch  position  -  1,2,  both,  off 

Engine  1  or  2  anti-ice  switch  -  on/off 

Barometric  altitude  hold  -  engage/off 

Radar  altitude  hold  -  engage/off 

Crewman  station  operated  on/off  switch 

Longitudinal  cyclic  trim  switch  - 

manual/auto 

Dash  actuator  failure  switch  - 

operating/failed 

HP  markers 

IAS 

ALT 

OAT 

PCH 

ROL 

HOG 

TQ1 

TQ2 

MZP 

NSZ 

NZA 

NX 

NYF 

NYA 

COL 

LAC 

LOC 

YAW 

RPM 

TRT 

SGI 

BCL 

UNL 


Parameter 


Sampling  rate 


Airspeed 

Altitude 

Outside  air  temperature  (not  available) 
Pitch  attitude 
Roll  attitude 
Heading 

Nu.l  engine  torque 
No. 2  engine  torque 
Normal  G  rotor  centre  line  -  port 
Norma]  G  rotor  centre  line  -  starboard 
Normal  G  aircraft  centre  line  -  aft 
Longitudinal  G  rotor  and  aircraft 
centre  line 
Lateral  G  forward 
Lateral  G  Aft 
Collective  pitch  position 
Lateral  cyclic  stick  position 
Longitudinal  cyclic  stick  position 
Yaw  control  position 
Main  rotor  speed 
Tail  drive  shaft  torque 
Strain  gauge  on  main  lift  frame 
starboard  side  aft 
Tail  rotor  bell  crank  lever  load 
Underslung  load  (not  available) 
Discretes! 

Load  event 
AFCS 

Squat  switch 
HP  markers 


3 

3 

3 

6 

e 

3 

6 

6 

5 

6 
6 

3 

5 

6 
3 
6 
6 
6 
3 


6 

3 


Direct 

load 

measurement 
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Table  3 

PARAMETERS  TO  BE  RECORDED  IN  FIVE  AIRCRAFT 
SEA  KING  PROGRAMME 


Pressure  altitude 
Indicated  airspeed 
Outside  air  temperature 
Pitch  attitude 
Roll  attitude 
Heading 

Main  rotor  RPM 
No*  1  engine  torgue 
No. 2  engine  torque 

Aircraft  normal  acceleration  rotor  centre  line  port 

Aircraft  normal  acceleration  rotor  centre  line  starboard 

Aircraft  normal  acceleration  aft 

Aircraft  fore/aft  acceleration 

Aircr.-ft  lateral  acceleration  forward 

Aircraft  lateral  acceleration  aft 

Collective  position 

Cyclic  lateral  position 

Cyclic  longitudinal  position 

Yaw  pedal  position 

Collective  servo  position 

Cyclic  lateral  servo  position 

Cyclic  longitudinal  servo  position 

Yaw  servo  position 

Tail  drive  shaft  torque 

-  main  lift  frame  station  forward  port 
•  main  lift  frame  station  staboard  aft 

-  tail  pylon  hinge 

Direct  -  tail  rotor  bellcrank  lever 

load  -  tail  rotor  spider  arm 

measurements  -  main  rotor  rotating  star  arm 

-  main  rotor  shaft  upper 

-  main  rotor  shaft  lower 

-  main  rotor  top  hub  plate 

Underslung  load 
Main  gearbox  oil  temperature 
Power  turbine  inlet  temperature 
Fuel  flow  rate 
Fuel  temperature 
Gas  generator  speed 
Power  turbine  speed 
Compressor  delivery  air 
Compressor  delivery  air 
Inlet  guide  vane  angle 
Discretes:  AFCS  event 
Oleo  switch 
Load  event 


temperature 

pressure 


For  both  engines 


event 


Fig  3  Comparison  of  normal  acceleration 

exceedance  curves  for  different  tasking* 
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Fig  4b  Supporting  parameters  for  damage 
accumulation  profile:  Flight  1 


a  Location  of 
9-a-Q  cycles 
•  Location  of 
air  born  t  cycles 


Lints  of  constant 
fatiquo  damage 


10  units 


Moan  of  loading  cycle 


Location  of  loading  cycles  with  S-N  data 
plotted  as  constant  damage  curves: 

Flight  1 
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Fig  6b  3  minute  flight:  effect  of  transition 
to  hover  on  lift  frame  strain  gauge 
(area  A) 


Fig  6  Examples  of  data  collected  during  OEM  programmes:  Sea  King 


Autorotations 


iw*¥***y*^^ 

\m - —I  min  — 

•:1g  7  Lift  frame  strain  gauge  signal 
In  flight:  typical  variations 
torque  changes  and  turbulence 


Turbultnct' 


obtained 
due  to 


Fig  8a  Distribution  of  time  spent  and  fatigue 
damage  with  respect  to  altitude/airspeed 
bands;  Flight  1 


\ 

V 


Fig  8b  Distribution  of  time  spent  and  fatigue 
damage  with  respect  to  altltude/alrspeed 
bands:  Flight  2 
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THS  FLIGHT  EVALUATION  OP  AN  ADVANCED  ENGINE  DISPLAY  AND  MONITORING  SYSTEM 

by 

L.  Adams 

Procurement  Exeoutlve,  Ministry  of  Defence,  Royal  Aircraft  Establishment, 
Flight  Systems  Division,  Bedford  MKAl  6AE,  England 


SUMMARY 

A  Wessex  helicopter  at  RAB  Bedford  has  been  used  to  develop  and  evaluate  a  suite  of 
advanced,  integrated  avlonlos.  An  important  ares  of  study  has  been  concerned  with  the 
display  of  engine  and  transmission  data,  and  with  a  system  monitor  which  gives  audio  and 
visual  warning  of  any  problems. 

The  system  has  demonstrated  that  the  suppression  of  engine  and  transmission  data  at 
all  times  exoept  when  the  pilot  asks  for  it  to  be  displayed  or  the  system  deteots  a 
problem  Is  an  acceptable  technique.  The  use  of  synthetic  voice  output  has  meant  that  the 
pilot  can  spend  a  greater  proportion  of  his  time  looking  out  of  the  aircraft;  the 
additional  head-out  time  enables  mission  effectiveness  and  flight  safety  to  be  enhanced. 


1  INTRODUCTION 

A  Wessex  helicopter  at  RAF.  Bedford  is  being  used  to  evaluate  and  demonstrate  an 
Integrated  cockpit  and  flight  management  system.  The  equipment  installed  Includes  colour 
displays,  a  monochrome  oontrol  and  display  unit,  a  speech  recognlser,  ay  netlc  speech 
output,  and  Interfaces  to  most  of  the  aircraft  systems  and  instrumentation.  The  hardware 
and  software  have  bean  oarefully  designed  to  form  an  easy  to  use,  pilot  friendly  system. 

This  paper  describes  the  operation  of  the  system,  with  particular  emphasis  placed  on 
the  engine  monitoring  and  display  aspects.  Throughout  the  programme,  attention  has  been 
concentrated  on  the  systems  integration  aspects  or  harnessing  the  new  technologies  that 
are  now  becoming  available  to  the  avionics  engineer.  This  paper  attempts  to  show  how  this 
can  be  aahleved  with  the  engine  monitoring  and  display  system. 

2  WESSEX  FACILITIES 

A  standard  Wessex  2  was  modified  to  incorporate  a  suite  or  advanced,  integrated 
avlonlos.  This  Involved  removing  all  electromechanical  instruments  from  the  left-hand 
Instrument  panel,  and  installing  the  following  displays  and  controls  In  their  place: 

Two  colour  displays,  one  with  a  touch  sensitive  overlay 

A  monochrome  Control  and  Display  Unit  (CDU) ,  with  touch  sensitive  overlay  and 

associated  hard  keys 

16  key  keypad 

Speech  recognlser 

Synthetic  voice  output 

Cursor  controls  and  voice  reoognlser  activation  switch  on  the  cyclic  control 
Collective  mounted  Joystick  control  for  use  with  the  map. 

The  right-hand  instrument  panel  was  rearranged  to  accommodate  a  colour  display  in 
addition  to  the  electromechanical  instruments,  so  that  the  safety  pilot  or  observer  in  the 
right-hand  seat  oould  view  either  of  the  two  colour  display  formats  which  were  being 
presented  to  the  subject  pilot  in  the  left-har.d  seat.  Fig  1  is  a  photograph  of  the 
re-equipped  Wescex  oookplt. 

The  system  consisted  of  three  main  processors,  which  were  interfaced  to  each  other, 
to  the  display  generators,  and  to  the  following  aircraft  systems: 

Airspeed 

Barometrlo  height 

Radio  height 

Doppler  groundspeed 

Outside  air  temperature 

Heading,  pltoh  and  roll  attitude 

Normal  and  lateral  acceleration 

Collective  and  cyclic  flying  control  positions 

Instrument  Landing  System  (ILS) 

Microwave  Landing  System  (MLS) 

Microwave  Aircraft  Digital  Guidance  Equipment  (MADGE) 

Engine  and  transmission  data: 
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Power  turbine  speeds 

Compressor  speeds 

Power  turbine  Inlet  tempi retu res 

Puel  flows 

Fuel  contents 

Rotor  rpa 

Torque 

Digitally  controlled  UHF/VHF  radio 

Digital  nap 

Speech  reoogniser 

Synthetic  speeoh  output 

Radio  clock 

There  were  also  facilities  for  recording  any  of  the  video  displays  Onto  tape,  and 
also  for  recording  any  required  flight  parameter  for  later  replay  and  analysis. 

3  COLOUR  DISPLAYS 

The  displays  used  were  commercially  produced,  general  purpose  domestic  monitors, 
which  were  repackaged  for  airborne  use.  ttiey  were  fed  with  a  PAL  video  signal  from  their 
signal  generators  via  an  electronic  switching  unit,  which  allowed  either  of  the  two 
display  formats  to  be  displayed  on  either  monitor.  The  signal  generators  were  capable  of 
producing  eight  ooloura,  with  a  pixel  resolution  of  512x312. 

One  of  the  displays  contained  all  information  required  by  the  pilot  to  fly  the 
aircraft,  and  this  was  called  the  Primary  Plight  Display  (PFD).  The  Instruments  on  this 
display  enabled  the  pilot  to  fly  in  all  modes  of  flight,  and  presented  him  with  any 
required  guidance  Information. 

The  other  display  was  called  the  Multl-Punctlon  Display  (MFD) ,  and  was  used  to 
present  all  other  information  that  the  pilot  might  require.  Usually  the  navigation  format 
was  displayed,  and  this  was  formed  by  overlaying  navigation  and  route  information  on  a 
digital  map. 

Many  other  formats  could  be  displayed,  either  at  the  request  of  the  pilot  (by  using 
the  CDU  or  speeoh  reoogniser) ,  or  automatically  when  the  system  detected  a  problem  about 
whlah  the  pilot  needed  to  be  warned.  The  engine  display  was  one  of  these,  and  this  was 
selected  by  the  pilot  during  engine  start-up,  shutdown,  and  whenever  he  wished  to  oheck 
his  engine  Instruments.  As  the  system  continuously  monitored  all  parameters,  the 
Temperatures  and  Pressures  (T's  and  P's)  format  was  suppressed  for  the  majority  or  the 
time,  and  the  MFD  was  used  for  other  purposes. 

If  the  system  detected  that  one  Of  the  monitored  parameters  was  out  of  limits,  the 
situation  was  flagged  to  the  pilot  In  up  tc  three  ways.  In  most  cases  the  problem  was 
presented  on  the  CDU,  the  MFD  changed  Its  display  format  to  give  a  display  relevant  to 
the  fault,  together  with  a  check-list  of  actions  required,  and  the  synthetic  voloe  output 
said  the  word  'warning',  followed  by  a  description  of  the  problem.  Warnings  such  as 
torque  exoeedanoes,  where  the  pilot  needed  no  further  Information,  were  flagged  using 
voloe  only.  Warnings  related  to  data  on  the  PFD  (which  was  presented  to  the  pilot  all  of 
the  time)  were  flagged  using  voice  and  a  change  In  the  CDU  display. 

3.1  The  T's  and  P's  page 

The  objective  when  developing  a  forme t  for  the  display  of  engine  data  was  to  produoe 
a  clear,  uncluttered  display,  which  could  be  used  In  all  phases  of  flight,  and  would 
reduce  the  pilot's  workload. 

The  Information  that  was  shown  on  the  display  could  be  split  into  two  groups: 

(I)  Port  and  starboard  compressor  speeds  (Ng) 

Port  and  starboard  free  power  turbine  speeds  (Nf) 

Port  and  starboard  power  turbine  Inlet  temperatures  (T<l) 

Port  and  starboard  fuel  flows 
Port  and  starboard  fuel  contents 
Rotor  rpm  (Nr) 

Rotor  torque 

(II)  Port  and  starboard  hydraulic  pressures 
Port  and  starboard  engine  oil  temperatures 
Port  and  starboard  engine  oil  pressures 
Coupling  gearbox  oil  temperature  and  pressure 

The  parameters  in  group  (1)  were  all  monitored  by  the  microprocessor  system 
continuously.  However,  during  the  current  phase  of  the  trials  programme,  the  paramete-s 
In  group  (11)  were  not  coupled  to  the  microprocessor  system.  The  displays  for  these 
latter  parameters  were  artificially  generated  using  values  that  corresponded  to  cruise 
flight,  so  that  an  assessment  of  the  entire  display  could  be  made. 

The  engine  format  adopted  at  the  start  of  the  programme  is  shown  in  Fig  2.  Its  main 
features  were: 


It*} 


(I)  Strip  scales  were  used  for  *11  engine  pirantirij  that*  allowed  a  reasonable- 
pasklnc  density  of  information,  without  produo  In*  a  cluttered  display,  and  allowed 
trend  Information  to  bo  derived  from  the*  rapidly: 

(II)  nonlinear  aoallng  waa  uaod  to  give  sort  *ovo*ont  In  orltloal  areas  of 
operation: 

(III)  the  strip  soales  were  ooaplenented  with  dlsltal  readouts: 

(tv)  the  paraaeters  wars  (rouped  into  the  two  engines  separated  by  the  rotor  rpm. 
Instead  of  the  more  usual  oonventlon  of  grouping  by  paraaeter.  The  object  of  this 
was  to  try  to  provide  quloker  diagnosis  of  engine  problems: 

(v)  the  strip  displays  for  paraaeters  were  colour  ooded  depending  upon  their 
value: 

(a)  If  an  engine  paraaeter  was  within  Halts  It  was  ooloured  white; 

(b)  If  the  rotor  rpn  was  within  Halts  it  was  coloured  green  -  this  gave  a 

good  dividing  line  between  the  port  and  starboard  parameters; 

(c)  If  any  parameter  was  outside  Its  limits  it  was  drawn  magenta. 

(vl)  although  both  rotor  rpa  and  torque  were  displayed  on  the  PFD,  they  ware  also 

presented  on  the  T's  and  P's  page.  On  the  T'a  and  P's  page,  the  rotor  rpm  was 
displayed  as  a  strip  display,  and  the  torque  as  a  solid  circle,  s  complete  olrcle 
indicating  maximum  allowed  torque.  Any  exceedance  past  this  value  resulted  in  the 
clrals  being  redrawn  in  magenta. 

After  many  hours  of  flying,  the  subject  pilots  pinpointed  the  following  problem 
areas  with  this  particular  display  format: 

(I)  There  was  no  indication  of  the  marp’.i  allowed  on  the  parameters.  There  was 

good  indication  when  a  parameter  waa  out  of  limits,  but  during  particular 
situations,  such  as  engine  starts,  it  waa  useful  to  know  when  a  parameter  was  about 
to  go  out  of  limits,  so  that  avoiding  action  could  be  taken; 

(II)  the  Nr  and  Nf  displays  were  too  cluttered,  and  the  laok  or  a  digital  readout 

Tor  Nr  produoed  oomplalnts; 

(ill)  the  TA  temperature  strips  ware  too  small; 

(iv)  the  digital  readouts  that  existed  were  useful,  but  were  wasteful  of  space. 

They  were  placed  on  top  of  the  strips,  moving  as  the  parameters  varied.  During 
engine  starts,  this  movement  was  too  rapid,  making  the  digits  difficult  to  read; 

(v)  the  relative  positions  of  fuel  flow  and  contents  were  poor.  Because  these 

values  needed  to  be  compared  and  balanced,  it  was  thought  better  to  place  them 
adjacent  to  each  other. 

These  shortcomings  were  overoome  with  the  next  version  of  the  display,  whloh  is 
shown  in  Fig  3.  On  this  display  the  digits  were  plaoed  below  the  strips,  so  that  they 
didn't  move,  and  a  digital  readout  of  Nr  was  Included,  The  fuel  flows  and  contents  were 
plaoed  together  in  the  lower  oorner  of  the  display,  together  with  an  analogue  balancing 
bar,  which  disappeared  to  nothing  when  the  fuel  flows  were  matched. 

To  give  an  indication  of  margin,  a  pair  of  horlsontal  lines  were  drawn  across  the 
strip  displays.  For  a  parameter  to  be  within  limits.  Its  strip  scale  had  to  remain 
within  these  lines,  whloh  beoame  known  as  the  tram  lines.  The  use  of  nonlinear  soallng 
enabled  the  margins  for  all  parameters  to  be  Indicated  by  a  single  pair  of  tram  lines. 

Simulated  values  for  the  paraaeters  for  whloh  there  were  no  sensors  (le  the 
hydraulic  and  oil  temperatures  and  pressures)  were  presented  In  a  fora  similar  to  that  for 
the  parameters  whloh  were  sensor  derived.  This  enableu  an  assessment  of  a  oomplete  engine 
format  to  be  made. 

A  SYSTEM  MONITORING  AND  WARNINGS 

As  mentioned  above,  the  system  monitored  all  the  on-line  parameters,  and  If  a  limit 
exoeedanoe  ocourred  the  pilot  was  warned.  The  warnings  were  prioritised,  and  the  way  that 
the  warnings  were  given  to  the  pilot  depended  upon  the  severity  of  the  problem. 

There  were  basloally  three  ways  of  giving  a  warning: 

(1)  Audio  -  an  audio  warning  waa  given  using  the  synthetic  speeoh  output  system. 
This  was  found  to  be  the  most  effective  technique  for  bringing  a  problem  to  the 
attention  of  the  pilot,  who  might  be  flying  head-out  for  the  majority  of  the  time. 

Of  course,  a  simple  bell  or  klaxon  could  be  effective  at  attracting  the  pilots 
attention,  but  it  would  give  no  information  about  the  precise  nature  of  the  problem. 
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Using  the  apeeoh  output  ijratH,  tha  warning  waa  typloally  atili  up  of  two 
partat  tha  word  ' warning1 ,  and  a  phraaa  indicating  tha  natura  of  tha  problam,  for 
example,  'ohtek  port  TA'. 

Tha  torque  warning,  and  othar  call*  auoh  aa  thoaa  for  low  halght,  wara  not 
praoaadad  by  tha  word  'warning* .  Tha  ratlonala  bahlnd  thla  waa  that  a  rapid 
raaponaa  waa  required,  and  that  no  furthar  Information  waa  required  form  tha  ayatam 
bafora  tha  pilot  raaatad.  Tha  alngla  word  'torque*  waa  aufflolant  to  lndloata  that 
tha  rotor  waa  balng  ov»r  torquad,  and  pllota  quickly  raduead  powar.  For  all 
problem*  ralatad  to  anglnaa,  howavar,  tha  angina  dlaplay  had  to  ba  examined.  In 
thla  eaaa,  tha  word  (warning1  aotad  aa  a  trlggar  for  tha  pilot  to  look  Into  tha 
oookplt  and  at  tha  angina  dlaplay.  If  an  audio  warning  waa  lgnorad.  It  waa  rapaatad 
avary  atvan  aaoonda.  Thla  langth  of  tlma  waa  aufflolantly  long  to  avoid  nulsanoe 
warning!,  but  kapt  reminding  tha  pilot  that  ho  had  a  problam  with  tha  aircraft,  or 
waa  flying  outalda  of  lta  operating  llnlta. 

(II)  CDU  -  with  moat  wurnlnga,  tha  CDU  dlaplay  waa  olaarad,  and  a  line  of  text 
lndloatlng  tha  raaaon  for  tha  warning  waa  dlaplay!  1,  For  example,  following  a  power 
turbine  Inlet  temperature  exceedance,  the  Una  of  text  might  bet 

PORT  PTIT  >  710 

The  exact  temperature  dlaplayed  would  depend  upon  the  llmlta  applicable  to  the 
ourrent  configuration  of  englnea  (one  running,  two  running  etc).  The  llmlta  for  all 
parameters  varied  in  thla  way  and  wara  continuously  updated  by  the  flight  management 
system.  For  example,  tha  torque  limit  waa  3000  lb/ft  for  two  anginas,  2700  lb/ft 
for  one  engine. 

Displaying  a  warning  message  on  tha  CDU  effectively  frose  It  until  the  warning 
had  been  acknowledged,  either  by  touching  the  screen  or  by  pressing  the  CDU  reset 
button. 

(III)  NPD  -  with  engine  parameter  limit  exoeedaneea,  the  multifunction  display 
format  was  ohanged,  and  a  display  relevant  to  the  problem  waa  presented  to  the  pilot 
automatically .  The  dlaplay  showed  the  typ*  of  failure  (eg  single  engine),  possible 
causes  of  the  failure,  a  cheok-llat  of  aetiona  to  he  taken  (replacing  the  manual 

f llpaards) ,  and  a  dlaplay  of  angina  parameters.  Thus  on  the  single  display  the 
pilot  had  all  the  Information  needed  to  recover  the  engine.  Against  the  check-list 
waa  a  cursor,  which  he  could  move  down  the  list  es  he  completed  the  actions,  using  a 
button  on  the  cyclic  flying  control. 

With  any  form  of  automatic  monitoring  and  warning  system,  nulsanoe  warnings 
must  bo  minimised,  firstly  because  they  dlstraot  the  pilot,  and  seoondly  because 
they  undermine  his  aonfldanoe  in  the  system.  The  result  of  too  many  nuisance 
warnings  Is  that  the  pilot  reverts  to  performing  conventional  engine  monitoring, 
which  lnoreaaea  his  workload  and  reduces  mission  effectiveness .  The  avoidance  of 
nulsanoe  warnings  was  partly  achieved  by  Inhibiting  sub-sets  of  warnings,  should  s 
higher  priority  problem  occur.  Advisory  massages,  such  as  height  oalls  when  below 
250  ft  are  not  always  required,  and  so  could  be  turned  on  end  off  using  a  dedicated 
ares  at  the  bottom  of  the  CDU.  Turning  the  voice  output  on  and  off  in  this  way 
caused  It  to  say  'hello'  and  'goodbye'  respectively.  Any  transition  through  500  ft 
caused  it  to  come  on  and  say  'hello' .  'nils  doubled  as  a  confidence  cheok,  ensuring 
that  the  system  was  working. 

A  •  1  Engine  performance  u.'-nltorlng 

The  availability  of  altitude,  pressure,  outside  air  temperature  and  the  engine 
parameters  facilitated  the  on-line  calculation  of  the  Power  Performance  Indices  (PPI)  for 
each  engine.  The  Wessex  has  a  single  torqueraeter  for  the  two  engines,  with  the 
consequence  that  any  PPI  calculations  have  to  be  made  with  one  engine  pulled  back  to 
ground  Idle.  To  prevent  nulsanoe  warnings  when  pulling  back  the  engine,  all  engine 
warnings  were  suppressed  when  the  PPI  page  was  ssleotsd.  On  mors  modern  helicopters  this 
will  not  be  a  problem,  as  each  engine  has  its  own  torquemeter,  This,  together  with  a  good 
engine  model,  will  make  on-line  TPI  monitoring  and  reoordlng  a  viable  proposition, 
fleneral  monitoring  oould  be  used  to  warn  the  pilot  through  the  CDU  or  MFD  of  any  reduction 
In  engine  performance}  recording  the  data  for  later  use  by  servicing  orewa  could  enable  an 
engine's  life  to  be  directly  related  to  Its  history,  instead  of  Just  running  time.  Thus 
an  engine  that  Is  cycled  infrequently  will  have  a  longer  life  than  one  that  Is  cycled 
often,  reducing  running  costs  and  Increasing  reliability. 

4,2  Aircraft  performance 

The  performance  of  the  aircraft  as  well  as  the  engines  wau  monitored,  and  its 
capabilities  calculated  In  real  time.  Data  from  the  operating  data  manual  reference 
ourvea  was  Incorporated  Into  the  system.  This  enabled  the  pilot  to  be  informed  or  his 
hover  capability,  maximum  airspeed  etc,  with  the  ourrent  configuration  of  all  up  weight 
and  fuel  remaining.  The  data  oould  be  accessed  at  any  time  through  the  flight  status  page 
or  the  KPD,  where  the  all  up  weight,  maximum  airspeed,  torque  required  for  various  forms 
or  hover,  and  other  parameters  were  presented  in  a  tabular  form. 

To  avoid  the  necessity  or  calling  up  a  different  page  when  In  a  critical  stage  of 
flight,  such  as  during  an  engine  failure,  the  hover  capability  could  be  displayed  on  the 
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T' »  and  P'a  page.  Tha  way  that  this  waa  operated  In  practice  waa  that  the  pilot  would 
pull  In  aa  auoh  powar  aa  ha  oould  until  ona  of  tha  angina  parameters  came  up  to  a  limit, 
and  than  press  ona  of  tha  cursor  buttons  on  tha  cyallo  control.  Tha  systam  would  then 
display  tha  alroraft'a  hover  oapablllty  using  tha  maximum  power  available  with  one  of  the 
followln 


lng  messages: 

HOVER  041  I  IN 
HOVER  OQK 
10'  HOVER 
O'  HOVER 
NO  HOVER  CAPABILITY 


(hover  out  of  ground  effaot  with  51  thrust  margin) 
(hover  out  of  ground  effect  with  no  margin) 

(10  ft  hover  oapablllty) 

(0  ft  hover  oapablllty) 


By  having  mors  aoourate  knowledge  of  the  alroraft'a  capabilities  at  any  stage  during 
tha  flight,  tha  pilot  waa  able  to  fly  closer  to  the  edge  of  the  performance  envelope  for 
more  of  the  time. 

5  FLIGHT  EVALUATION 

5.1  Engine  starts 

There  are  two  situations  during  flight  when  the  pilot  needs  to  get  Information  from 
his  engine  Instruments  quickly,  TOese  are  the  start  up  sequence  and  during  engine 
failure. 

When  pilots  first  encountered  the  atrip  gauges  In  the  aircraft  there  was  no  display 
present,  as  all  parameters  were  aero.  This  was  initially  disconcerting,  but  onoe  a  pilot 
had  experienced  an  engine  start,  there  was  no  problem.  Both  trend  and  situation 
Information  oould  be  determined  from  the  rormat  easily.  This  was  demonstrated  a  number  of 
times  during  the  programme  when  hot  and  fast  starts  were  experienced.  On  these  occasions, 
detection  of  the  fault  was  as  fast  or  faster  than  when  using  mechanical  Instruments. 

During  engine  starts  the  first  problem  that  was  encountered  was  a  power  turbine 
Inlet  temperature  (TA)  exoeedanoe.  This  was  easily  picked  up  using  the  strip  displays 
with  the  associated  colour  change  but.  If  missed  waa  picked  up  by  the  monitoring  system 
and  a  warning  Issued. 

The  compressor  speed  (Ng)  display  gave  plenty  of  information  to  allow  the  high 
pressure  cock  to  be  opened  at  the  right  r.lme,  and  ground  Idle  conditions  to  be  set. 

Part  of  the  normal  start-up  sequence  Is  to  pull  back  the  speed  select  lever  or  each 
engine,  to  check  the  correct  operation  of  the  freewheel.  This  triggered  some  of  the 
single  engine  failure  warnings,  and  acted  as  a  confidence  check  on  the  system. 

Once  both  engines  were  running,  the  balancing  bar  on  the  fuel  flow  proved  to  be  a 
useful  sld,  enabling  the  fuel  flows  of  the  two  engines  to  be  matched  very  easily. 

5.2  In  flight  monitoring 

Flight  evaluation  of  the  engine  display  and  monitoring  system  was  made  during  all 
trial  sorties.  (The  total  flying  hours  for  the  programme  was  approximately  two  hundred 
and  firty.)  Engine  monitoring  was  therefore  evaluated  as  part  or  a  complete  system,  and 
not  as  a  separate  entity.  During  normal  flight,  the  navigation  display,  or  a  status  page 
such  as  a  radio  channel  plan  or  waypoint  list  was  displayed  on  the  NFD.  Depending  upon 
the  tasks  that  he  had  to  perform,  the  pilot  would  select  the  T's  and  P's  format  Trora  time 
to  time.  With  the  monitoring  system  functioning,  there  was  In  fact  no  necessity  for  the 
pilot  to  aheck  the  display.  However  he  did  so  to  establish  confidence  In  the  system. 

During  the  trials,  although  not  all  warnings  were  triggered,  a  large  number  were 
tested,  either  deliberately  or  accidentally. 

In  normal  flight,  it  was  not  uncommon  for  slight  torque  exoeedances  to  ooour,  cr  for 
the  alroraft'a  maximum  speed  (Vmax)  to  be  exceeded.  When  this  happened,  the  voles  warning 
was  usually  enough  to  alert  the  pilot  to  the  problem,  especially  with  the  torque  warning. 
Usually  the  pilot  did  not  even  bother  to  bring  his  head  into  the  cockpit  to  look  at  the 
display,  though  If  he  was  flying  head  down  the  colour  change  on  the  PFD  alerted  him  to  the 
problem. 

Apart  from  artificially  generated  fuel  flow  problems,  there  were  a  number  of  flights 
when  the  pilot's  fuel  management  was  sub-standard.  In  these  circumstances  genuine 
warnings  of  fuel  flow  mismatoh,  fuel  oontents  mlsmt'oh,  and  low  fuel  occurred.  These 
warnings  were  effective  and  the  pilot  wes  rapidly  made  aware  of  the  problem  and  was  able 
to  take  corrective  action. 

Although  no  actual  engine  failures  oeourred  during  the  trial,  single  engine  failures 
were  often  simulated  by  pulling  back  one  of  the  speed  select  levers.  Obviously  not  all 
modes  of  failure  could  be  simulated  (for  example  runaways),  but  those  that  could  were  used 
to  prove  the  conoepts  of  the  warning  system  and  to  demonstrate  that  the  proper  corrective 
aotlon  was  prompted  from  the  pilot. 

During  a  single  engine  failure,  the  pilots  praised  the  ability  to  calculate  the 
hover  capability  of  the  aircraft  Instantly.  To  determine  what  bsver  oapablllty  the 
aircraft  had,  the  pilot  simply  pulled  in  power  until  one  of  hie  engine  parameters,  such  as 


a  T4 ,  oame  Into  Halt.  Ha  than  pressed  ona  of  the  cursor  control  buttons  on  tha  ay  olio 
oontpol.  His  hover  capability  wee  then  Instantly  displayed  on  the  T's  and  P's  page. 

5.3  Chaoks 

Tha  ability  to  call  up  oheoka  associated  with  the  T's  and  P's  format  was  found  to  be 
very  useful.  Por  example,  the  pilot  oould  display  both  his  take  off  checks  and  the  engine 
parameters  together  on  the  same  screen  at  the  same  time,  as  shown  in  Pig  4.  This 
combination  proved  vary  useful  both  before  and  after  take  off.  The  combined  display  not 
only  reduced  the  number  of  selections  that  the  pilot  had  to  make  through  the  CDU,  but 
enabled  him  to  view  his  primary  flying  Instruments,  the  check-list  of  Interest,  and  the 
engine  instruments. 

Similarly,  when  dealing  with  a  problem  such  as  an  engine  restart  in  flight,  all  the 
data  and  the  check-lists  would  be  presented  to  the  pilot  together  on  the  one  display. 

6  T'S  AND  P'S  PORMAT 

With  conventional  electromechanical  Instruments,  gauges  are  grouped  according  to 
parameter  type.  Por  Instance,  the  two  T4s  will  be  placed  next  to  each  other,  as  will  the 
two  Nrs,  etc.  This  sometimes  causes  problems  when  trying  to  Isolate  a  problem.  It  Is  not 
unknown  for  a  pilot  to  pull  back  a  good,  working  engine,  because  he  has  misinterpreted  his 
Instruments.  To  try  and  overcome  this  problem,  the  parameters  on  the  electronic  display 
were  separated  Into  the  two  engines,  and  displayed  In  a  symmetrical  pattern  about  the 
rotor  rpm  strip  gauge,  aa  shown  In  Pig  5*  Any  failure  of  an  engine  will  result  In  an 
asaymetrlc  pattern,  both  In  colour  and  In  shape,  and  the  faulty  engine  can  quickly  be 
Identified. 

Another  Important  feature  of  the  format  was  the  Introduction  of  tram  lines  running 
across  It,  representing  the  normal  operating  limits  of  the  parameters.  With  the  aircraft 
operating  normally,  all  parameters  will  lie  between  the  two  tram  lines. 

To  achieve  tram  lines  that  ran  straight  across  all  parameters,  nonlinear  scaling  was 
adopted.  Using  tram  lines  meant  that  not  only  was  fault  diagnosis  easier,  but  so  too  were 
power  checking  and  engine  condition  monitoring,  such  as  calculating  Power  Performance 
Indices  (PPIs).  For  example,  during  take  off,  the  pilot  only  had  to  scan  the  T's  and  P's 
format  quickly  to  ensure  that  all  parameters  were  within  the  tram  lines;  he  did  not  have 
tc  make  a  complete  scan  of  a  large  number  of  different  gauges. 

The  limits  on  the  display  were  automatically  configured  to  reflect  the  condition  of 
the  engines.  Por  Instance,  the  torque  limit  changed  from  30CO  lb/rt  to  2700  lb/ft  when 
only  one  engine  was  running, 

7  PRIMARY  PLIGHT  DISPLAY 

The  PPD  was  used  to  present  to  the  pilot  all  of  the  basic  riylng  Instruments,  and 
was  displayed  at  all  times.  Torque  and  rotor  speed  were  Included  on  this  display,  torque 
because  It  must  be  referred  to  constantly,  and  rotor  speed  because  It  Is  required  together 
with  attitude  Information  during  emergency  procedures  such  as  an  auto  rotation.  Fig  6  Is 
an  example  of  the  PPD  format. 

When  the  rotor  la  operating  normally  and  within  limits,  the  display  simply  consists 
of  an  unobtrusive  white  bar.  As  the  rotor  speed  moves  out  of  limit,  a  ooloured  strip 
begins  to  move  out  of  the  white  bar,  to  the  right  If  the  speed  Is  above  normal,  and  to  the 
left  If  It  Is  below.  Eventually  the  strip  Is  replaced  by  digits,  as  a  second  set  of 
limits  Is  reached.  This  second  set  of  limits  was  chosen  to  provide  a  very  responsive 
display  over  the  area  available.  The  presentation  of  data  In  digital  form  Is  useful  for 
operations  such  as  applying  the  rotor  brake. 

Synthetic  speech  output  was  used  to  reinforce  the  colour  changes,  and  was  triggered 
as  soon  as  the  speed  went  out  of  the  first  set  of  limits. 

The  form  of  the  torque  readout  waB  a  vertical  strip,  with  a  digital  readout  below 
It.  Normally  the  strip  was  white,  and  It  changed  to  magenta  when  It  exceeded  the  current 
torque  limit  (either  3000  or  2700  lb/ft  depending  upon  number  of  engines  running).  The 
colour  change  was  again  backed  up  with  an  audio  warning,  which  was  repeated  every  seven 
seconds  as  long  as  the  limit  was  exceeded. 

The  primary  flight  display  format  was  found  to  be  very  effective.  All  Information 
which  was  related  to  the  collective  -  torque,  height,  rate  or  cllmb/descent  and  the  height 
director  -  was  displayed  on  the  left-hand  side  of  the  display.  At  all  times  the  pilot 
could  see  how  much  torque  he  was  using,  and  how  much  he  had  evallable. 

The  Inclusion  of  any  more  engine  data  on  the  PPD  was  not  considered  necesnary,  and 
would  only  have  cluttered  an  already  busy  display. 

8  CONCLUSIONS 

These  trials  have  shown  that  there  Is  considerable  benefit  In  not  presenting  engine 
data  to  the  pilot  at  all  times.  Suppression  of  engine  data,  except  when  required,  enables 
one  less  display  surfaoe  to  be  Installed  In  cockpits  which  will  be  crowded  anyway.  If  a 
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dedicated  engine  display  were  Installed,  pilots  would  continue  to  soan  the  display  and 
monitor  the  engines,  a  task  far  more  suited  to  the  microprocessors  that  are  readily 
available  to  the  systems  designer. 

Data  on  the  engine  display  should  be  grouped  according  to  engine,  and  not  parameter 
type.  Strip  gauges  give  a  good  paoklng  density  whilst  maintaining  legibility.  Bold 
colour  changes,  nonlinear  scaling  and  'tram  lines',  to  Indicate  parameter  operating 
margins,  all  aid  in  rapid  fault  deteotlon. 

The  use  of  synthetic  voice  output  to  give  warnings  has  shown  that'  headout  time  oan 
be  significantly  increased  when  compared  to  the  use  of  simpler  audio  warnings  such  as 
bells  or  klaxons.  Por  warnings  requiring  a  simple  response  such  as  a  torque  exceedance, 
the  pilot  does  not  need  to  bring  his  head  back  Into  the  eookplt  -  for  more  complex 
problems  the  voice  directs  the  pilot  to  the  problem  area,  aiding  rapid  fault  correction. 

The  only  engine  related  data  that  the  pilot  needs  constant  access  to  are  torque  and 
rotor  rpm.  These  need  to  be  Incorporated  on  the  primary  flight  display.  Here  again, 
strip  gauges  have  been  found  to  be  effective. 

The  ability  to  calculate  power  performance  indices  In  flight  In  a  simple  form  has 
been  demonstrated  and  found  valuable.  The  use  of  a  better  engine  model  should  enable  true 
real  time  monitoring  to  be  performed,  with  potential  savings  through  both  increased  engine 
life  and  reduced  servicing  time. 

The  engine  monitoring  system  la  just  one  part  of  an  integrated  eookplt  display  and 
monitoring  system  which  has  been  shown  to  offer  significant  benefits  over  conventional 
helicopter  avionics.  The  system  shows  great  potential  for  Increasing  mission 
effectiveness  and  aircrew  safety,  and  reducing  aircraft  servicing  times. 


FIGURE  I  THE  WESSEX  COCKPIT. 
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FIGURE  6.  PRIMARY  FLIGHT  DISPLAY 
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par  Marc  ACHACHE,  Di  part  ament  Syttimes 
AEROSPATIALE  Dlvition  Hillcoptiras 
MARIGNANE-  FRANCE 

at  Michel  GAUVRIT,  Dipartement  d'Etude*  at  da  Recherche*  en  Automatlqua 
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RESUME 

Un  programme  da  Recherche,  loutenu  par  lee  Service!  Officleli  Frangais,  a  iti  meni  4  r AEROSPATIALE,  Divieion  Hilicoptire*,  avec 
pour  objactlf  la  diveloppement  d'un  tystime  probatolre  da  contrfile  ectlf  dee  vibration!  per  commandes  multlcycliquet  appliquiet  aux 
pale!  du  rotor  principal. 

Cette  experimentation  constltue  une  da!  application!  let  plui  significative!  des  techniques  de  commando  autoadaptative  des  systimes 
stochastiques. 

Las  diffi  rentes  (tapes  de  ce  programme  lont  exposies,  depuis  la  recherche  d’urte  model  isatlon  thiorlque  du  comportement  vibratoire  de 
rhillcoptire,  sous  I'effet  de  commandes  multicycllques,  Jusqu'aux  easels  en  vol  du  syttime. 

La  campagne  d'essais,  qui  s'est  diroulte  en  198S  4  I’AEROSPATI ALE  Marignane  sur  GAZELuE  SA  349,  a  permis  ainsi  de  valider  le  con¬ 
cept  de  reduction  des  vibrations  par  un  systime  autoadaptatif  en  boucle  fermie,  dans  I'ensemble  du  domaine  de  vol  de  Thilicoptire 
SA  349. 


INTRODUCTION 

De  nombreux  processus  industrials  sont  commandis  par  des  algorlthmes  de  type  P.I.D.  (Proportionnel,  Integral,  Dirivi).  Leur  simplicity, 
laur  robustesse,  lours  bonnes  performances  dans  de  nombreux  cas,  expllquant  leur  succis.  Le  choix  souvent  aisi  des  paramitres  de  ces 
rigulateura  s'appule  sur  une  connalssanca  grossiire  du  processus  lul-mime. 

Dans  de  nombreux  domaines,  ces  mithodes  classiquas  montrent  rapidement  leurs  limites.  Aucun  rigulateur  4  paramitres  constants  ne 
peut,  en  effat,  prendre  en  charge  les  (volutions  temporelles  lentes  ou  rapides  du  systime  4  commander. 

Parallilement  4  ces  exigences,  les  diveloppements  ricents  de  la  mini  et  de  la  micro-inf ormatique  rendent  possible  I’implantation  de  lois 
de  commandes  complexes  qui  demandant  un  treitement  substantial. 

Ces  diveloppements  technologlques,  associis  aux  exigences  de  certains  cahiers  des  charges,  justlfient  I’intirit  actual  des  commandes  auto- 
adaptatives.  Par  autoadaptation,  on  entend  une  srigulation  4  paramitres  variables*,  qui  assure  la  minimisation  d'un  critAre  de  performance 
pour  das  systime*  (volutifs. 

La  reduction  des  vibrations  sur  hilicoptire  par  commandes  multicycliques  est  une  application  typique  de  rigulateur  autoadaptatit  des 
systimes  stochastiques,  mania  depuis  les  itudea  thiorlques  en  simulation,  jusqu‘4  la  validation  en  vol 

De  plus,  le  diveloppement  en  parallile  d'un  algorithm .  de  type  diterministe  a  it i  rialisi  dans  le  but  de  quantifier  le  rapport  performance/ 
complexiti  pour  deux  approches  dlffirentes  du  problime. 


LES  VIBRATIONS  SUR  HELICOPTERE 

Sur  hilicoptire,  let  problime!  posis  par  las  vibrations  engendries  par  let  ensembles  dynamiquet  sont  important!,  et  lourds  da  contiquen- 
cet  (riductlon  de  la  durit  de  vie  du  matiriel,  contralntet  de  fiabiliti,  riductlon  du  contort, . ). 

Let  moyent  util  Isis  i  ce  jour  pour  limiter  cat  phinominet  sont  des  moyens  paetift  du  type  antivlbreurs  ou  suspensions  qui  donnent  des 
risultau  acceptable!  dans  beaucoup  de  cat.  Toutefols,  let  exigences  de  nlus  en  plus  siviret  en  matiire  de  contort,  alllies  4  des  objectifsde 
vltesset  de  croitlire  de  plus  an  plus  (levies,  font  qua  ces  systimes  seront  llmltis  dans  1‘avenir,  c'est-4-dlre  que  le  malntlen  du  niveau  vibra¬ 
toire  exlgi  risque  d’entralher  des  augmentations  ridhlbltoirtt  de  leur  masse. 

Parallilement  tux  moyens  pastlft,  das  moyens  actift  do  contrftle  des  vibrations,  dont  la  commando  multicycllque  est  un  cas  particular, 
sont  envisages  (Rif. :  (1)  4  (13)). 

Le  contrdle  multicycllque  permet,  par  une  action  directs  au  niveau  de  la  commande  de  pas  des  pales,  de  minimiter  let  vibrations  indultes 
dans  la  structure  4  une  frequence  carsctirlstlque. 

En  offet,  sur  un  hilicoptire  4  rotor  tripale,  la  friquence  pripondirante  des  vibrations  dans  It  cellule  est  311  (fl  frequence  de  rotation  du 
rotor).  Cat  vibrations  ont  pour  origins  des  efforti  elternis  4  la  frequence  30  salon  I'axe  du  rotor,  transmit  directement  4  la  cellule,  et  des 
efforts  aux  frequences  20  et  40  dans  le  plan  du  rotor,  transmit  4  la  cellule,  sprit  changtment  de  repire,  en  efforts  de  frequence  30 
(Figure  la). 
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Dm  command*),  ginitta  an  atria  a  vac  laa  ordraa  da  pilotage,  *  la  frequence  311,  ertant  dot  afforta  an  2(1,  3(1  at  40  au  niveau  du  rotor, 
qul  peuvent  a'oppoaer  k  caux  qui  occaalonnant  daa  vibration*  (Figure  1b). 


Fig.  1 :  PRINCIPE  DU  CONTROLS  MUL  TICYCLIOUE  EN  REPS RE  FIXE 


Ainai,  la  system*  multicycliqua  a  pour  tiche  d'idantifier  la  tranafert  antra  command*)  multicycliquea  at  vibrations  (variable  an  fonctiondu 
cat  da  vol  at  da  la  configuration  apparall),  da  fagon  icalculer  la  module  at  la  phase  dechacunadas  trois  commandes  optlmales  4  appliquer 
aux  v*rins  multicycliquea,  afin  da  nSduir*  las  vibration)  dans  la  cellule. 

Ceci  conduit  au  schema  fonctionnel  presente  Figure  2.  L'anaivse  harmoniqua  parmat  d'extraira  let  coefficient*  de  Fourier  correspondant 
i  la  frtquenca  preponderant*  (e'est-i-dire  3(2)  das  matures  vibratoires.  A  partlr  de  cas  informations  at  de  la  connaissance  des  commandes 
multicycliques  precedentaa,  le  calculateur  nurntrique  calcule  lea  modules  at  phases  das  trois  commandes  multicydiques.  Celles  ci  sont 
transformers  par  le  synthetisaur  an  trois  signaux  sinusoidaux  4  la  frequence  3(1,  commandant  les  v*rins  multicycliquea. 


Fig.  2:  SCHEMA  FONCTIONNEL  DU  SYSTEMS  MUL  TICYCLIOUE 


La  validitt  thtorique  du  concept,  et  one  premiers  quantification  des  gains  potentiels,  ont  6t*  obtenues  par  simulation  numtrique  du  rotor 
associea  e  des  assais  sur  ia  riponse  structural)  de  la  cellule.  Elies  ont  corrobories  par  des  essais  simplifies  sur  banc  rotor  en  1977  6 
I'AEROSPATIALE. 

Un  programme  de  recherche,  partiellement  soutenu  par  les  Services  Officials  Frangais,  a  6td  lance  en  1980  par  la  Division  Heiicoptires  de 
I'AEROSPATIALE  avec  pour  objectif  I'experimentation  d'un  systime  probatoire  de  controls  actif  des  vibrations  per  commandes  multi- 
cycllques  sur  I'appareil  da  recherche  tripala  SA  349,  derive  de  ia  GAZELLE  SA  342  (Figure  3). 


Fig.  3  :  HELICOPTERS  EXPERIMENTAL  SA  3*9 
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LE  SYSTEM!  EXPERIMENTAL 

Compte  tenu  dto  exigences  en  met  lire  de  performances  et  de  aieurlti,  un  systime  du  type  sslmplex  survelllit  ■  iti  retenu  (Figure  4),  le 
commands  multleydique  item  limltie  en  amplitude  4*M  ,7  degri. 


Fig.  4 :  ARCHITECTURE  DU  SYSTEMS  EXPERIMENTAL 


Le  syttime  expirlmental  comprend  princlpelement : 

-  dee  capteurtde  vibrations  (eociliromitrer  pleciten  dlffirenti  points  de  le  ceblne)  et  un  capteur  megnitique  du  top  rotor  (pour  la 
connaisiance  pricise  de  II,  et  le  synchronisation!  ; 

-  un  calcuiateur  analogique  riallsant  I'aitalyst  harmonlque  (extraction  de  la  composante  des  vibrations  en  312),  laginirationdesordresen 
312  (fonctlon  synthitiseur)  destinis  au  rack  d'esservlsaement  des  virins  multlcycllques,  et  la  gestion  des  sicurltis  ; 

-  un  calcuiateur  numirlque  dans  lequel  dee  algorithmes  de  calcul  tlaborent  le  avecteur  de  commandea  optimal  i  part ir  du  avactaur  vlbra- 
tolres  provenant  du  calcuiateur  analogique  ; 

-  un  rack  d'asaervittement  des  virins  multlcycllques ; 

-  trois  virins  ilactrohydraullques  (dits  virins  smult'icycliquess)  mentis  an  side  sur  lea  servo-com mandes  dassiques  i  entrie  micanique  ; 
leur  course  ast  limitie  4  10  mm,  correspondant  i  un  pas  de  pale  de+/-1,7  degri.  Ces  virins  ont  iti  diveloppis  pour  cette  application, 
afin  d’obtenlr  da  bonnes  performances  i  des  friquences  de  commande  ilevies  (312  soit  19  Hz  pour  I'hilicoptira  SA  349)  et  sour  des 
charges  dynamiques  importantes  ; 

-  un  boltiar  de  commande  placi  dans  la  cablne,  interface  entre  le  systime  et  I'tquioage  d’essai. 

Let  diffirants  ilimants  constituent  ie  systime  multicyciique  ont  iti  diveloppis  salon  les  spicificatlons  de  I’AEROSPATIALE,  par  las 

soclitis  frangaises  GIRAVIONS  DORAND  (rack  d'assarvisMmant),  AIREQUIPEMENT  (virins),  SFENA  (calcuiateur  numiriqua)  et 

AEROSPATIALE  Division  Hillcoptires  pour  las  autres  ilimants. 

La  conception,  la  validation  et  la  programmatlon  du  loglcial  embarqui  ont  iti  rialisiea  par  une  iquipe  de  la  Direction  das  Etudes  da 

I'AEROSPATIALE,  avec  la  participation  de  I’ONERA  (CERT/DERA)  pour  I'itude  das  algorithmes  stochastlques. 


MODELISATION  DU  PROBLEME 

Trois  algorithmes  de  calcul  de  la  commande  optlmale  ont  iti  diveloppis.  Tous  trois  sont  basis  sur  une  reprisentation  llniaire  du  transfert 
antra  commandas  multicycliques  et  vibrations  cellule,  risultat  de  la  simplification  de  la  modilisation  du  rotor  et  des  essais  sur  la  structure 
de  I'appareil  experimental  : 

zk_sA-1+zo 


-  Z0  vectaur  des  2n  coefficients  de  Fourier  an  312  corratpondant  i  n  mesuret  acciliromitrlques,  sans  commandas  multicycliques. 

-  Zy  vectaur  de  mesure  au  pas  k,  apris  commander  multicycliques. 

-  8^.1  vecteur  des  S  coefficients  de  Fourier  en  312  correspondent  aux  commandas  appilquies  aux  3  virins  au  pas  k  - 1. 

-  S  niatrlce  representative  da  la  sansiblliti  du  vecteur  vibratolre  au  vecteur  de  commande  mi  Jticyclique  (dimension  :  2n  lignes,  6  colon- 
nes). 


La  vectaur  rle  commande  9^  att  calculi  i  cheque  pas  par  minimisation  d’un  crltim  quadratique  J  : 

J  zTk+1  zk-M+A8Tk’W  "k 

faisant  intarvenir,  d’une  part  I’inergle  das  vibrations  i  dlminuar  (z"^+i  ■  zk+1  )•  d'*u,r»  part  un  terme  de  pondiration  sur  la  variation  de 
rommande  (A8  >  k  .  W  .  A8k  avec  W  metrics  difinle,  positive)  permettant  une  action  progressive  et  done  sprudentes  sur  le  syttime. 


L 
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(.'algorithm*  a  done  pour  tichu : 

-  d'Mantiflar  la  matrle*  S  *  chaqua  Inatant  pultqu'all*  ddpand  da*  condition*  da  vol  at  da  configuration  da  t'apparall ;  I'idantlflcatlon  d* 
Zo  n'**t  pas  Indliptnwbl*  dan*  la  maaur*  ou  la  command*  optimal*  **t  calculi*  d*  facon  itdmttv*  an  utilltant  un  modtl*  local  : 

AZk«S.A»k_, 

-  d*  calcultr  It  variation  da  commanda  optimal*  A4k*. 


ETUDE  DES  ALGORITHM E8 

Troll  algorithm**  da  daux  typat  dlffirant*  nnt  it*  itudli*  : 

-  I' Algorithm*  Adaptatlf  Ditarmlnltta  (AAD). 

-  I*  Rigulataur  Adaptatlf  Stochattlqua  (RAS). 

-  I*  Rigulataur  Adaptatlf  Stoehattlqu*  avac  Eitlmatlon  da*  Vibration*  IRASEV). 

L'atgorithma  AAD  a*t  da  typ*  ditarmlnlita.  II  riallt*  I'idantlflcatlon  da  la  matrle*  S  par  I'anvoi  da  command**  tcallbri***  ou  axtra- 
slgnaux.  April  la  pramlira  Idwitlfi cation  lor*  da  I’lnltlalltatlon,  la  comparalion  antra  I*  nlvaau  vlbratolr*  maiuri  at  un  nivaau  vlbratolra 
aitimi  (par  calculi)  parmat  da  ditarmlncr  i'll  ait  nicaiulra  d'ldantlflar  i  ncuvaau  S. 

Cat  algorithm*  Impliqu*  done  : 

-  un*  excitation  important*  du  tyitim*  Ion  dat  phaaaa  d'ldantlf ieatlon, 

-  lachoix  d'un  erltira  pour  Idantifiar  S  unlquamant  lortd'un*  modification  daa  condition*  da  vol.  En  effat,  II  *atnic*tiair*d*minimli*r 
In  phaaat  d'ldantlf  Ieatlon,  car  allaa  nicastitant  I'anvoi  da  6  command*!  callbri**,  a  priori  non  optimal*!  dam  I*  am  da  la  diminution 
dn  vibration*. 

En  dthori  dn  phaan  d'idantlficatlon,  la  ealeul  da  la  command*  optimal*  ait  riallii  i  chaqua  pa*  par  mlnlmliation  du  critir*  J,  an  coral- 
dirant  qua  S  a  bian  *t*  idantifii*  : 


%J/a(A«k)-0,  d’oii : 

Ai*k--(w+sT .  sr1  ■  ST  .  Zk 

L 'algorithm*  RAS,  da  typ*  atochaitlqu*,  utilise  I*  connainanc*  <3  priori*  d*i  caractirittlqun  ttatiquas  das  bruit*  da  mature  at  da  tystim* 
pour  idantifiar  S  i  chaqu*  pa*.  II  ait  eoratitui  da  2n  f iltra*  da  Kalman,  chacun  idantlf lant  un*  llgn*  d*  la  metric*  S. 

Pour  I'iquation  d'itat  dn  filtro*.  I'hypothin  ratanu*  nt  la  falbla  variation  da  S  antra  daux  pu  tuccanif*.  qul  a*  tradult  par  la  constanc* 
da  la  matric*  S,  au  bruit  d'itat  pri*. 

L'iquation  d*  matur*  dicoui*  da  la  modiliiation  an  variation*  : 


AZk-S  .  A#k_, 


Ln  ca'actf  riitiqun  dn  bruits  da  mmur*  at  d'itat  itant  luppotin  n*  pu  dipandr*  da  la  llgn*  da  I*  matric*  S,  Ins  2n  Ultra*  da  Kalman poi 
aidant  In  mimes  matrices  da  covarlanc*  d'arraur  Pk,  «t  gain*  da  Kalman  Kk.  Saul*  I'iquation  d'ivaiution  dipand  da  la  lign*  identlflia. 

Pour  tanlr  compt*  d'un*  falbla  ivolution  da  S  antra  daux  pn  succanlf*,  un  pa  remit  r*  d'oubli  a  it*  Introduit  dans  I'iquation  da  racalag*  di 
la  matric*  da  covarlanc*  da  I'arraur. 

^'initialisation  da  I'algorithm*  ast  affectut*  par  I'anvoi  da  commandn  aliatolm  da  falbla  amplitude. 

L'ldantlficatlon  da  la  matric*  S  itant  riallii*  i  chaqu*  pu  an  utilliant  la  variation  da  command*  pricidanto,  catt*  demlira  pout  itro 
calculi*  pour  itr*  optimal*. 

La  connainanc*  «a  priori*  du  caractiriftlqun  Itatlltiquu  da  ia  metrics  S  identlflia,  parmat,  pour  I*  caleul  da  la  variation  da  commanda 
optimal*  Aik'  da  cholsir  I*  crltir*  itochutiqus  sulvant : 

J-E(z\+1,Zk+1AA8  Tk.W.A8kl 

E  (.) :  Etpiranca  mathimatlqu* 


C*  qui  conduit  i  : 


A«V,w+sT  ,  S  -ran .  Pkr’  .  ST  .  Zk 

Par  soucl  d*  limpliclti,  I*  prlnclp*  d'iqulvalanc*  a  iti  ratanu  (Pu— 0),  da  facon  i  conaarvar  la  mim*  command*  optimal*  qua  dan*  Is  cas 
ditarmlnlit*.  Nianmoint,  un  caractir*  da  prudanca  a  iti  IntroduTt  par  un*  lol  dr  variation,  da  W,  croittant*  an  fonction  da  la  variation  du 
nlvaau  vlbratolr*. 

Alnti,  I'algorithm*  RAS : 

-  parmat  un*  Identification  permanent*  da  la  metrics  S,  la  command*  multlcycitqu*  optimal*  itant  anvoyi*  i  chaqu*  pai, 

-  prand  an  compt*  laa  caractirittlqun  itatlstiqun  daa  bruits  da  mature. 

L'algortthma  RASEV,  ait  du  mim*  typ*  qua  la  pricidant.  II  n*  diffir*  qua  par prin  an  compt*  du  modi!*  global : 


zk“s-9k-1  42  o 
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II  Montltio done Itt20i ohequt PM dt ootoul, I I'tlda dt 2n f  lltrot do  Ktlmon dont tat voetour* d'Atat torn conttltuAt d'un* llgno do lo 
metrleo  S  tttoclAo  A  lo  componntt  eormpondantt  du  voetour  Z0 . 

Lo  eolcul  do  lo  oommondt  optimal*  tot  Idontiquo  a  colul  rAolloA  por  loo  daux  tut  rot  tlgorithmn. 

Lo  RASEV  u  otroctArin  done  por : 

-  uno  Montlfleotlon  pormtnontt  tvoc  tnvoi  do  oomm*nd*s  optlmolot  A  chtquo  pot, 

-  uno  mtlllaur*  prlt*  on  eompto  do  lo  modAllottlon. 


SIMULATIONS  CN  TEAMS  DIFFERS 

Uno  >1  mu  lotion  IlnAoIro  du  comportomont  vlbntolro  do  1‘hAHcoptAra  tout  I'offot  dt  commtndot  multicycliquot  t  pormii  It  mitt  tu  point 
dot  olgorithmoi  dAcritt  prAcAdtmtnont,  Cotto  simulation  tit  coractArltAo  ptr  un  ontamblo  dt  cinq  mttrlcot  S  tt  voctourt  Z0  lobtonua  por 
calculi  tur  un  modAlo  rotor,  tttoelAl  A  dot  imli  tur  It  oollulo)  corrasportdant  A  different*  cat  do  vltattt  longitudinals.  Lt  Flgurt  6  montrt 
I'Avolutlon  d’uno  llgno  dt  lo  mttrlco  S  pour  unt  vlttM*  longltudlnolo  variant  do  200  km/h  A  280  km/h,  to  irtccordomontt  tntrt  doux 
vltotttt  succatsival  Attnt  rtolM  tu  moyon  do  fonctlon*  Polynomial  01, 


tan 


Fig  B .  EVOLUTION  D'UNE  COLONNE  DE  LA  MATRICES  UTILISEE  EN SIMULATION 

Un  txtmplt  dot  rAsultats  obttnus  ptr  simulation  dot  olgorithmoi  tn  bouclt  form  to  tst  prAstntA  tur  It  Flgurt  6,  montrtnt  dam  It  caid'una 
phatt  d'accAltratlon  (passage  da  200  km/h  A  280  km/h)  I'lnfluonct  da  la  commando  multlcycllqut  iur  la  nivttu  vlbratolra  moyon  dans  la 
cablna.  Sur  chacun  dot  graphiquts,  tit  prOtontit  1‘tvolutlon  du  nlvoau  vibrttoiro,  avtc  tt  uni  commando  multlcycllqut,  pour  I'hAllcoptArt 
muni  dt  sa  luiptnsion  paulvo. 


Fig  S : SIMULATION  OES  ALGORITHMES  EN  TEMFS  DIFFERS 

Dam  la  limits  dt  la  modtlliatlon  llndaira  ratanuo,  cot  tlmulttlom  ont  permit  da  dtmontrar  lot  bonntt  porformtncti  d'tutoadaptatlvItO  dot 
algorithm**  durtnt  lot  phaaat  d'Avdutlon  (turtout  pour  lot  dgcrlthmot  itoehattlquat),  d'aatimtr  lot  gains  potentials  an  vibrations,  at 
d'tvaimr  I'lnfluonct  dtt  dlffArantt  ptramAtrot  dt  rAgltgt  tur  I'tff IcadtA  dn  algorithm**  IrtpIdltA  dt  convargtnca,  gains,  tutoadaptatlvlt*.. ). 


ESSAIS  EN  VOL  DU  SYSTEMS  EXPERIMENTAL 

Lo  tyttAmo  multlcycllqut  a  At*  tvalut  an  vol  pour  dtux  conflpj  ration*  do  la  machint  da  bait  :  tutpomlon  bldlractlonnallt  tllbrai 
(corratpondant  A  la  GAZELLE  SA  348  munlo  da  ton  tyttAmo  anthrlbratolrt  pattlf)  tt  tUM*ntlon  tbloqudot  Icorratpondtnt  A  unt  machint 
tans  filtrago  pattlf  dot  vibrations). 

Pour  chacuna  da  cot  configurations,  lot  trait  algorithmat  multicycliquot  ont  AtA  ttrtAs  an  bouclt  formAo  tur  I'tnttmblo  du  domains  dt  vol. 
Lt  count  dot  commtndot  multlcyeiiquti  1  At*  IlmltAt  *♦/- 1  dtgrA  tu  court  do  catta  axpArlmantttion,  eompto  tanu  dtt  efforts  dynaml- 
quo*  Important*  tur  lo  chafho  dt  commando  da  vol,  rancontrAt  tu  court  dn  attar*  d'idantificttlon.  Lt  count  do*/-0,8  dtgrA  a  AtA  ratonue 


1M 


pour  I'tnolyw  oomportthM  oonpMti  do  trait  algorithm**,  un*  augmentation  d*  count  jutqu'4  1  degrC  cycnt  ete  tffectud*  pour  r  algo¬ 
rithm*  RASEV  unlquement. 

U  position  do  ocptoun  d'acquititlon  du  system*  *  fait  I'obict  fun  optlmitatk  n  cu  ooun  dc  on  steals,  condulaant  4  retenlr  quatrt  not 
ierom4trtt  :  deux,  salon  Text  vertical  tt  r«x*  longitudinal,  4  I'avent  dc  la  cabin*,  deux,  acton  I'cxc  vented,  en  piece*  pllote  *t  copilot*. 

Seront  pr4eent4»  lei  lee  rCeulteti  outenu*  tvec  le  system*  eetlf  agittent  tur  I'hClIcoptvr*  lent  flltreg*  pastlf  dec  vibrations  (autpentlon 
cblequtei),  ce  oai  oorratpondant,  tide  probabtament,  4 (‘utilisation  qua  I’on  peut  envlsagtr  tur  let  helicopter**  future. 


METHODOLOGIE  DE  CONDUITE  DES  ESSAIS 

Let  eetd*  en  vol  du  system*  experiment*!  exit  ft*  conduits  ad  on  un*  methodologi*  b*a*e  ecttntlellemen;  <ur  I'lmportano*  dee  dmule- 
Hone  en  temp*  differ*,  Induant  un  model*  represented  f  du  comportement  vlbratolt*  da  I'hdllcopNirt  raut  t'effat  da  commandei  multi- 
eydtque*  (Figure  7). 


F*.  7 :  METHODOLOGIE  DE  CONDUITE  DES  ESSAIS 

Aussl.  I*  logldd  embarqu*  eet-il  conetlra*  de  different*  module*,  adectlonnabiee  en  vol  4  I'aid*  du  boltier  da  command*,  permettant 
I' Identification  complete  de  1‘heilooptere  SA  349  *t  let  eetnlt  dee  trait  algorithm**  : 


-  Meauree  tana  command**  multkyciiqute 

-  sequence!  d'*chelont  da  command*  ctllbte*  (6  niveoux  poetiblet) 


-  Algorithm*  AAD 

-  Algorithm*  HAS 

-  Algorithm*  RASEV 


Deux  jeux  d*  p*r*m4trt*  poetiblet 


IDENTIFICATION  EN  BOUCLE  OUVERTE 


La  pt^a*  d'ldentlflratlon,  etap*  preponderant*  deni  oattt  methodologi*,  a  *t*  conduit*  au  court  d*  volt  sp*cifiquet  gr*ca  aux  deux 
premiers  modules  du  logic  let  embarqu*  :  meauree  tana  command**  multlcyclique*  at  sequences  d'fchelon*  dt  command*  caHbr+t, 


Ell*  a  parmlt  de  conitliuer  un*  tbtnqu*  de  donn*e*a  Important*  d*  I'affet  dee  commandet  multlcycliquee,  util*  pour  la  mite  au  point  an 
simulation  del  algorithm**,  be  Figure  8  ett  un  exempt*  de  court)**,  obtenuct  en  vol  stabilise  4  180  km/h,  reprittentant  revolution  dts 
compotantet  du  vecteur  vlbratolr*  Z  en  foncrion  de  I'amplltud*  d'un*  dee  compotantr*  du  vecteur  de  command*  8. 


F%.  8 :  IDENTIFICATION  EN  VOL  DU  COMAQRTEUENT  VIBRATOIRE  DE  L'HELICORTERE 


l 


i 
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REGLAGE  DBS  FARAMBTRES  IN  SIMULATION 

Loo  porainitra*  do  iMm  do*  olsortthmoo  multlevoHquo*  ow  Oti  obtonu*  opri*  dmu  lotion*  on  tempo  dlftire.  U  olmllltudo  ontra  I'hillcoptira 
«t  m  rapriaon  lotion  on  tlmutetlon  tvte-i-vte  du  comportamont  vlbtotolra)  a  ptrmli  de  raoondulra  om  rO*l*ga«  Ion  dot  aaaal*  *n  vol. 

U  figure  >  oorraapond  iunooBmporaloon  ontra  k  olmulotlcn  (trait  plain)  «t  kvol  (trait  on  polritllM)  pour  urt*  competent*  duvactaurdt 
mature,  Ion  d*un  otaoi  oonatttuO  dt  potion  nirrooilft  I  dlffOrantot  vitaaaa*. 


FiNMItNUtlnil 


Ft§.  9 :  COMPARAISON  VOL/SIMULATION  A  ISO-CONDITIONS  (PALIS  US  A  DIFFERENTES  VITESSES) 
CottomOthodologioooimj  permit ; 

-  d'oootdor  rapidornont  tux  omit  anvoldu  aynim*  on  bouclo  formi* ;  olntl,  un  dOlol  do  nulomont  troll  nmol  not  aprit  k  vol  d*  Idontlfl- 
catlorv  our*  4t*  nOcaattlr*  pour  dObutar  k*  Mull  on  bouck  formto. 

-  do  minlnikor  k  norttbm  do  vote  price  *ux  rOgloga*  prOilmlnalraa  obtenua  on  ilmuktlon. 


ESSAIS  DES  ALGORITHMES  MULTICYCLIQUES  EN  VOL  (BOUCLE  FERMEEI 


Lo  praotthm  d*aaaol  odopoto  pour  k  mi**  ou  point  *t  I*  camporoteon  do*  trail  algorithm**,  •  coraliti  on  unt  tuocatilon  dt  pallart  ttabill- 
*  dllfirant**  vita****.  k  tyitimt  raatant  octlf  Ion  do*  phoao*  d'acoOl  Oration  antra  k*  pollan.  Cotta  procOdur*  *  alnil  permit  da  tartar 
lat  parformanoa*  da-  atporlthmo*.  0  la  folt  pour  la  riduetkm  do*  vlbratlont,  at  pour  It  critira  d'autoadaptatlvlti  (prlao  an  compta  revo¬ 
lution  rapid*  du  cat  da  vol). 

Apr**  mil*  Ml  point,  la*  algorithm**  ont  *t*  OvaluO*  don*  tout  I*  domain*  da  vol  do  la  GAZELLE  SA  349. 

La  Boraporoteow  dot  trail  alpnrlthinot.  priaant**  an  Figure  10,  a  *t*  obtanu*  ou  court  d'un  vol  an  boucla  farm**,  avtc  la  procOdur*  d'attal 
docrlt*  prioOdommant  (k  Nlvotu  Vlbratolra  Global  corraapond  *  I*  moyanna  quodratiquo  do  k  com  potent*  an  30  da*  mature*  tffactuO**  tur 
la*  captaun  utlllaO*  par  I*  tyttOmt). 

1 

N4V0AU  HATUML  MOVIN 
tew  riLTMO*  rtttir 
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1  100 


EEBEESpSE  / 


> 

i  &w 


COUfURI 
OUlYfTIM 

"w  MOtCMRIM 


1ALQORITHM5  RAMV 


COUPUflV 

ourmitw 


0  50  100  190  too  UOxiMPt  (s) 

p*  10 :  RESUL  TA  TS  OBTENUS  EN  VOL  PAR  LES  ALGORITHMES  MUL  TICYCLIQVES  t COURSE  DE  COMMANDS  MAX  MALE . 
OJBDEGRE) 
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On  volt  aim*  qua  laa  taint  an  vibration,  obtanut  avae  laa  troll  algorithm!!,  tout  aaai  prochat  (da  I'ordrt  da  80  *  I  ISO  krrVh),  I’algo 
rlthma  RASEV  Atant  la  plut  afftcaoa.  La  Flgura  *1  dAtallla  lat  nlvaaux  vlbratolrat  obtanut  4  260  hm/h  avae  tat  trob  algorlthmaa  tantt,  at 
tgalamant  rant  aucun  tyttAma  da  flltraga  dat  vlbratlona  (hAHooptAra  da  bata),  maaurta  talon  I'axa  vartioal  an  trob  polntt  da  la  oatlula. 


VxtKkmA 


FOINT1 AVANT  anal  COM  LOTI  11101  PtLOTt 


Fig.  1 1 :  COMFARAISON  DCS  TROIS  ALGORITHUES  TESTES  I  COURSE  Of  COMMANDS  MAXIMALE :  Ofi  DEG  RE) 

Una  partla  dat  dlfftrancai  conitattai,  antra  lat  algorlthmat  itochatt(quai  (ft AS  at  RASEV)  at  I'algorithma  dAtarminbta  (AAD),  t'axpllqut 
par  lat  dlfWrancot  da  count  taffloacat  (count  utllhabla  pour  la  oommanda  optlmabl.  Aim!  pour  una  mtma  count  maxlmata,  I’algo- 
rlthma  AAD  a  una  count  afflcaca  rAdulta  (reduction  da  I'ordrt  da  0,2  dagrt)  tfln  da  ccntarvar  una  marga  pour  lat  Achalont  d'idantlf  Na¬ 
tion. 

En  tffat,  au  coun  da  cat  attait,  II  a  AtA  dAmontrA  qua  lat  gaira  an  vlbntiom  Ataiant  dlractamant  nliAt  t  la  count  autorMa  pour  la  com- 
manda  optlmab. 

L'lnfluanoa  da  la  oouna  da  oommanda  tur  lat  vlbratlom  an  cablna  an  30  act  prAttntAa  tur  la  Flgun  12,  pour  lat  trob  algorlthmat  at  trait 
vittaaai  da  pillar.  En  axtrapolant  lat  courfaat,  on  paut  tn  dAduira  qua  dat  gain! an  vibration!  plus  Important!  pourraitnt  ttra  obtanut  avae  la 
tyttAma  multlcycllqua  avae  dat  counai  da  commandat  plut  Imnortantat. 


Malt,  rappalom  la,  la  reduction  dat  vibration!  n’att  pat  la  tau!  criten  da  eholx  dat  algorlthmat. 

Lat  performanaat  d’autoadaptxthrite  ont  auttl  da  I'lmportanca  pour  lacholx  detlnltlf  d*un  tlgorithma  puitqu'allat  influent  dlractamant  tur  Iv 
contort  dat  panagart,  caux-ul  etant  partlcull4f*munt  tantlblat  tux  variation!  brutal  at  du  nlvaau  vlbratoin. 

Vit-A-vIt  da  ca  criten,  I'algcHthma  dAtamnlnlttn  AAD  preaantt  qutlquat  falbltttat  :  I'idantification  anganire  dat  tpiett  an  vibration! 
*ttv4a  Ion  da  la  mlaa  an  routa  da  I'algorithma  (Flgura  10),  jutqu'4  Identification  tatbftltar  tt  da  la  matrlca  S. 

NAanmoInt,  aprAt  opt  Imitation  dat  parametral,  lat  tAqutneat  d identification  na  aa  dAclanchant  qua  Ion  da  moditicatlont  du  cat  da  vol 
(acceieretiom),  at  n'augandrar<t  pat  nAcattairtmcnt  dat  pica  Important!  in  vibration.,  It  tarn  da  variation  dt  chaqui  command!  etant  choltl 
an  fonetlon  da  la  matrlue  S  precedanta,  afln  (fallal  uant  la  atm  da  la  diminution  du  Nivaau  Vlbratoin  Global. 

Lat  algorlthmat  jtochattlquaa,  compta  tanu  da  I'idantification  parmananta  da  la  matrlca  S  (at  da  Z0  pour  la  RASEV),  ont  montre  da  trbt 
bonnat  parformancat  dVutoaJaptitivltA. 

L'txampla  carat  u btlque  prAtthte  Flgurat  13  at  14,  correspond  A  una  mlaa  an  vtragi  (factaur  da  charging  1.5 g)  Ala vltattadt 200 km/h, 
I'algorithma  RASEV  etant  an  function -»mant  avae  ina  tutor! tA  da  commands  multlcycllqua  da+/-0,8  dagrA. 
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NIVEAU  VIMATOiAI  dLOPAL 


Fig.  13 :  REPONSE  DU  SYSTEMS  LORS  DIME  MISE  EN  FACTEUR  OE  CHARGE  (ALGORITHMS  RASEVAVEC  COURSE  DC 
COMMANDS  MAXIMALE :  OjS  DEGREI 

U  Figure  13  montre  qua  I*  nivMU  vlbratoire  n'*paa4t4p*rturb4  Ion  da  lamia*  an  ring*  da  I'MIiooptAra,  ta  Figure  14  parmattant  da  d4mon- 
trer  qua  cam  rtablllt*  a  414  obtanua  gr4e*  4  la  modification  da  la  metric*  S  au  court  du  virago  (act  pr4a*nt4t  It  aanalbllltd  d'unt  compo- 
aanta  du  vactaur  vlbratoire  I  la  variation  da  la  commando  muttteydlqua  an  tangaga  at  l'4volution  da  ta  competent*  eorreat-  andanta  du 
vactaur  da  commando). 


Fit.  <4  ; ETUDE  DE  L'AUTOADAPTATIVITE  LORS  OVNE  MISE  EN  FACTEUR  DE  CHARGE  (ALGORITHMS  RASEVAVEC 
COURSE  DE  COMMANDS  MAXIMALE  :  Of  DEGREI 


COMPARAISON  AVEC  UNE  SUSPENSION  PASSIVE 

Si  Ton  compare  lot  parformancaa  du  *ytt4m*  actlf  da  contrfiia  daa  vibration*  avoc  calla*  da  la  Mitpanslon  paaahia  da  la  GAZELLE  SA  349, 
(Figure  IS),  on  conctata  qua  la  tyat4mt  actlf  conduit  4  daa  ntvaaux  da  vibration!  Equivalent*  au  «yit4ma  pcaaif  14  o(>  ca  damiar  ait  la  plut 
afflcaca  (pAga*  pilot*  at  copilot*  notammtnt),  I*  *y»t4m*  actlf  4tant  nattamant  plu*  parformant  aux  autre*  potta*  (point**  avant  at  arrMre 
cabin*). 


NIVEAU  VIBRATOIRE 
PE  III 


Vo  HQ  km/h 
RASEV;  COURSE  10.1° 


Fig.  IS :  COMPARAISON  AVEC  UN  SYSTEMS  ANTIVIBRATOIRE  PASSIF 


Sur  la  m4ma  figure,  on  v4rlfi*  qua  la  «ytt4m*  multicycliqu*  agit  non  reulamant  aux  emplacement*  corraapondmt  aux  mature*  Intarvanant 
dan*  ion  optimliation,  malt  tu*l  an  daa  point*  non  prit  an  compta  par  la*  algorithm**  (*rri4r*  cabin*',  cacl  4tant  dO  4  I'action  du  *ytt4ma 
diractamant  4 1*  aouro a  daa  vibration*  (effort*  t*t»  rotor). 
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CONCLUSION 

La  d*v*loppomant  du  ayattme  experimental  da  contrtla  tetll  d«  vibration*  par  command**  multlcyellqu**  ■  conduit  *  prouver  I'eff iceclt* 
d'un  ayadim*  *n  boud*  farm**  pour  I*  rtductlor  d*t  vibration*  aur  I'maambt*  du  domain*  da  vol  d'un  htllcoptir*. 

La  compare  icon  d*a  rtaultita  obtanua  pour  t«a  daux  typta  d'dgorithm**  t*at*a,  tend  *  montrar  I'*fflcaclt4  daa  algorithm**  atochaatiqua*. 
L*ur  compltxlt*,  l«rg*m«nt  comp«nat«  par  un*  m*lll*ur*  prla*  an  compt*  daa  *volutlonr  da*  p*ram*tr*a  da  vol,  n'aat  paa  rtdhlbitolr* 
pour  la*  calculataur*  rtum*rlquaa  ambarquaWa*. 

La*  auitaa  da  catt*  action,  anvitagtaa  d*a  3*  |nur,  concarnant  notammant  daa  *tudaa  d‘*vant-pro|*t  da  ayttbmaa  (atria*,  af In  d’tvaluar  la* 
coOta  d'un  ttl  tytt*ma  pour  un  h*licopt*r*  da  atria. 

Enf  In,  catta  experimentation  conatltua,  outre  un*  daa  pramifc.*  rdaliaatlon*  concarnant  la  tMorl*  da  la  command*  optimal*  autoadaptativa, 
un*  application  important*  d n*  tachnlque*  numdrlquaa  aur  helicopter*,  at  davra  ddbouchar  aur  d'autra*  aapacu  du  Contrbl*  Automatlqu* 
G«n*ralM  aur  H*llcopt*ra  (CAtiH), 
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CONTROLLING  THE  DYNAMIC  ENVIRONMENT  DUE1NO  NOB  FLIGHT 

by 

Dennla  R.  Halwes 
Principal  Dynamics  Engineer 
Mall  Station  14 
Ball  Helicopter  Textron  Inc. 

Poet  Office  Box  482,  Fort  Worth,  Texas  78101 


SUMMARY 

A  six  degree-of-freedom  (DOF)  Isolation  system  using  six  LIVE  units  has  been  installed  under  an 
Army/NASA  contract  on  a  Bell  208LM  helicopter.  This  system  has  been  named  the  Total  Rotor 
Isolation  System,  or  TRIS.  To  determine  the  effectiveness  of  TRIS  In  reduelng  helicopter 
vibrations,  a  flight  verification  study  was  conducted  at  Bell's  Flight  Research  Center  In  Arlington, 
Texas.  The  objective  was  to  demonstrate  a  90%  (or  greater)  Isolation  of  the  hellconter  fuselage 
from  the  main  rotor  forces  and  moments  transmitted  at  the  blade  passage  frequency,  which  Is 
4/rev  in  the  case  of  the  Bell  208LM.  The  flight  test  was  the  final  phase  of  a  program  performed 
by  Bell  under  a  NASA  Langley  Research  Center  contract  with  funding  by  the  U.S.  Army 
Aeroatruotures  Directorate.  The  flight  teat  data  from  the  testbed  aircraft  Indicate  that  the 
program  objectives  have  been  surpassed)  the  4/rev  vibration  levels  at  the  pilot's  seat  were 
suppressed  below  the  0.04g  level  throughout  the  transition  envelope,  which  traditionally  has  high 
vibration  levels.  Results  of  flight  testa  to  date  Indicate  over  95%  suppression  of  vibration  levels 
from  the  rotor  hub  to  the  pilot's  seat  at  a  considerable  weight  savings  over  traditional  antiresonant 
Isolation  concepts.  In  addition,  the  TRIS  Installation  was  designed  with  a  decoupled  control  system 
and  has  shown  a  significant  improvement  in  aircraft  flying  qualities.  The  Improvement  was  such 
that  it  permitted  the  trimmed  aircraft  to  be  flown  "hands-off”  for  a  significant  period  of  time, 
over  90  seconds.  In  conclusion,  the  TRIS  flight  test  program  has  demonstrated  a  system  that 
meets  the  objective  of  greatly  reducing  vibration  levels  of  a  current-generation  helicopter,  the 
Bell  208LM,  while  significantly  improving  the  flying  qualities  to  a  point  where  stability 
augmentation  is  no  longer  a  requirement. 


INTRODUCTION 

Vibratory  excitations,  Inherent  to  the  helicopter,  cause  many  undesirable  effects.  These  Include  helicopter  crew 
fatigue,  resulting  in  decreased  proficiency;  unacceptable  passenger  comfort)  poor  component  and  system  equipment 
lives)  lower  avionics  reliability,  resulting  In  Increased  operating  costs;  and,  In  many  eases,  limited  operational  envelopes. 

Vibration  reduction  has  been  a  major  goal  of  the  rotary  wing  community  since  the  helicopter’s  Inception.  In  the 
1970s,  In  recognition  of  the  adverse  effects  of  vibration  and  desiring  a  more  stable  weapons  platform,  the  military 
reduced  the  MIL-SPEC  acceptable  levels  of  the  predominant  rotor  harmonic  (n/rev)  g-levels  from  0.15g  at  cruise  speed 
to  O.OSg.  Commercial  operators,  particularly  those  conducting  long  flights  to  offshore  oil  rigs  or  ambulance  runs,  have 
also  demanded  lower  vibration  levels  In  aircraft. 

Paralleling  the  desire  for  lower  vibration  levels,  new  objectives  for  high-speed  performance,  higher  payloads, 
Improved  maneuverability,  and  increased  agility  have  also  been  demanded  by  the  helicopter  users.  These  new  goals  have 
led  to  new  rotor  designs,  including  soft-ln-plane,  rigid,  articulated  with  large  hinge  offsets,  and  teetering  rotors  with 
added  hub  springs.  All  of  these  changes  tend  toward  increased  weight  and  the  generation  of  higher  excitation  shears 
and/or  momenta  by  the  rotor. 

Helicopters  using  first-generation  main  rotor  shaft  Isolation  systems  of  the  1940s  and  1950s  exceeded  0.5g  n/rev 
vibration  levels.  Second-generation  designs  of  the  1900s,  with  focal  pylons,  were  generally  able  to  meet  the  new  0.15g 
vibration  level  requirement  at  cruise,  but  not  during  transition.  During  the  1970s,  several  antlresonsnt  Isolation 
concepts  were  developed  to  isolate  the  fuselage  from  the  primary  source  of  vibration  -  the  main  rotor  oscillatory  forces. 
These  devices  Include  Raman's  DA VI,  Boeing-Vertol's  IRIS,  and  Bell's  Nodal  Beam.  All  of  these  concepts  use  a  spring  and 
a  mechanically  amplified  mass  to  develop  isolation  or  effect  force  cancellation  at  the  main  rotor  excitation  frequency. 
These  systems  were  designed  to  meet  the  0.05g  level,  but  failed.  The  weight  penalties  caused  by  these  systems  or  a 
combination  of  these  systems  varied  from  2%  to  3%  or  more  of  the  helicopter  design  gross  weight.  It  should  be  noted 
that  the  current  state-of-the-art  Army  helicopters,  the  Sikorsky  UH-60  Blackhawk  and  the  McDonnell  Douglas  AH-84 
Apache,  never  met  the  vibration  criterion  during  competition. 

With  the  overall  objective  of  meeting  the  Army's  MIL-SPEC  vibration  objective  and  reducing  the  helicopter's  overall 
we'-iftt,  the  U.8.  Army's  Aerostruotures  Directorate  (then  the  Army's  Structures  Laboratory),  located  at  NASA's  Langley 
Research  Center,  Issued  a  request  for  proposal  in  1979  for  the  "Analysis  of  the  Feasibility  of  a  Six  Degree-of-Freedom 
(6-D.O.F.)  Isolation  System."  Under  a  NASA/Army  contract,  Bell  completed  an  analysis'  and  was  subsequently  awarded 
a  follow-on  contract  for  the  "Design,  Analysis,  Fabrication,  and  Bench  Testing  of  a  Total  Main  Rotor  Isolation  System 
(TR18)."  The  results  of  the  TRIS  bench  test  were  so  promising  that  in  1984  the  decision  was  made  to  install  the  system 
on  Bell's  Model  206LM  helicopter  and  then  ground-  and  fltght-test  the  aircraft.  This  paper  will  report  on  the  results  of 
the  ground  and  flight  tests.  The  reader  is  referred  to  the  NASA  contractor  report »u  for  more  details  on  the  test 
program. 

LIVE  Isolation 

In  1972,  research  was  begun  at  Bell  on  the  use  of  a  hydraulic  fluid  In  cylinders  with  different  areas  to  amplify  the 
motion  of  a  tungsten  piston  that  acted  as  a  tuning  weight.  This  -oncept  progressed  to  a  very  compact  system  that  used  a 
high -density,  low-viscosity  liquid  (mercury)  as  both  the  "hydraulic  fluid"  and  the  tuning  weight. 

The  Liquid  Inertia  Vibration  Eliminator  (LIVE)  unit  is  thown  schematically  in  cross  section  In  Fig.  1.  An  inner 
cylinder  Is  bonded  to  an  outer  cylinder  with  a  layer  of  rubber,  as  In  a  coaxial  bushing  rubber  spring.  Cavities  at  the  top 
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and  bottom  aro  anoloaad,  oraatlnf  raaarvolra  (or  tha  "hydraulic  fluid."  The  Inner  cylinder  li  attached  to  the 
transmission,  and  the  outer  cylinder  la  attached  to  the  fuselage.  A  hole  or  "tuning  port"  through  the  Inner  cylinder 
connects  tha  upper  and  lower  reservoirs. 


MNNED-MNNED  UVE  LINK 


In  operation,  the  liquid  mercury  oscillates  within 
the  UVE  units,  and  isolation  It  achieved  when  the 
pressure  created  by  the  Inertial  force  due  to  motion 
of  the  mercury  cancels  the  spring  force  due  to  the 
displacement  of  the  rubber.  By  altering  the  spring 
rate  and  port  diameter,  the  LIVE  units  oen  be  tuned 
to  Isolate  the  desired  blade  passage  frequency. 

The  mechanics  of  a  classical  plnned-plnned  link 
Is  such  that  only  axial  loads  can  be  transmitted)  no 
moments  can  be  Input  through  the  spherical  bearings 
at  Its  ends.  If  a  LIVE  unit  Is  mounted  within  a  link 
and  tuned  to  completely  Isolate  the  blade  passage 
frequency,  then  no  oscillatory  loads  at  the  blade 
passage  frequency  (n/rev),  In  any  direction,  will  be 
transmitted  through  the  link.  By  using  six  plnned- 
plnned  Isolator  links  or  UVE  units  for  attaching  the 
pylon  to  the  fuselage  (In  any  configuration  that  is 
statically  stable  In  all  six  degrees  of  freedom)  with 
no  other  attachments,  then  every  attachment  will 
isolate  the  blade  passage  frequency  and  no 
oscillatory  loads  will  be  transmitted  from  any 
degree  of  freedom. 


Pig.  I.  Cutaway  view  of  UVE  link. 


Fig.  3.  Isolation  principle  of  UVE. 


A  representative  UVE  isolator  for  the  six 
degree-of-freedom  application  Is  shown  In  the  cross- 
section  view  of  Fig.  2.  The  inner  member  Is 
attached  to  the  pylon,  and  the  outer  member  Is 
attached  to  the  fuselage.  The  two  members  are 
bonded  to  the  elastomer  that  fills  the  annulus 
between  them.  This  elastomer  (working  in  shear) 
acts  as  a  spring  that  supports  and  reacts  to  the 
static  and  dynamic  loads  placed  on  the  Isolator. 
Pressurized  liquid  mercury  fills  the  center  port  in 
the  Inner  member  and  both  cavities  at  the  ends  of 
the  Isolator.  No  air  space  remains  In  the  Isolator. 
The  action  of  the  LIVE  unit  is  Illustrated  in  Fig.  3. 

Baseline  Helicopter 

The  helicopter  selected  for  the  purpose  of 
establishing  specific  isolation  system  performance, 
weight  analysis,  system  Integration  studies,  and 
flight  tests  at  minimum  risk  was  the  Bell  206LM 
helicopter,  S/N  45269.  A  photo  of  the  testbed 
aircraft  is  shown  In  Fig.  4.  This  Is  a  4000-lb  class, 
turbine  engine  helicopter  with  a  four-bladed,  soft- 
In-plane,  flexbeam  rotor  system.  The  Isolation 
system  as  Installed  on  the  helicopter  can  be  seen  in 
Fig.  5. 

GROUND  VIBRATION  TEST 

The  method  selected  to  verify  the  performance 
of  the  TRIS  was  a  ground  vibration  test  (GVT), 
performed  at  Bell's  Flight  Research  Center  In 
Arlington,  Texas.  The  OVT  was  designed  to  measure 
the  isolation  of  each  degree  of  freedom 
independently  and,  thus,  without  the  Influence  of 
non-rotor-hub  n/rev  sources,  as  would  be  the  cose  In 
flight. 

Three  different  systems  were  used  for  hub 
excitation  during  the  GVT.  A  single  ISOO-lb 
capacity  electromagnetic  shaker  was  used  for  hub 
vertical,  lateral,  and  longitudinal  shear  inputs)  two 
1500-lb  electromagnetic  shakers  were  operated  out 
of  phase  for  hub  yaw  moment  input)  and  a  rotary 
hydraulic  shaker  was  used  for  hub  pitch  and  roll 
moment  inputs. 


For  each  excitation  degree  of  freedom,  sweeps  were  made  with  the  full  hub  weight  to  determine  the  placement  of 
pylon  and  fuselage  natural  frequencies  and  the  approximate  shape  and  frequency  placement  of  the  Isolation  valley.  In 
addition,  frequency  dwells  at  various  load  levels  with  and  without  the  hub  weight  at  1/rev,  4/rev,  and  8/rev  were  made 
to  determine  the  Isolation  efficiency  and  load  linearity  of  the  TRIS.  Load  levels  up  to  800  lb  in  shear,  and  5000  in-lb  In 
moment  were  applied  to  the  hub. 
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Fig.  4.  Bell  Model  10SLM  Total  Kotor  Isolation  System  (THIS)  helicopter. 


An  array  of  six  r.ocelerometer*  at  the 
hub  and  another  array  of  six  accelerom¬ 
eters  near  the  fuselage  eg  were  used  to 
measure  the  Input  and  response  for  each 
of  the  six  degrees  of  freedom.  These 
arrays  were  the  primary  transducers  used 
to  determine  the  percentage  of  Isolation 
achieved  by  the  TRIS  and  to  determine  If 
the  system  met  the  90%  isolation 
criterion  of  the  contract  statement  of 
work.  The  accelerometer  measurements 
were  used  to  calculate  the  percentage  of 
Isolation  in  the  six  degrees  of  freedom  In 
the  following  manner: 

1.  For  the  translation  directions,  the 
response  of  the  two  accelerom¬ 
eters,  with  their  sensitive  axis  in 
the  tame  direction,  were  averaged 
to  determine  the  response  of  a 
point  half  way  between  them. 

2.  For  the  rotational  directions,  the 
response  of  the  two  accelerom¬ 
eters,  with  their  sensitive  axis  in  a 
plane  perpendicular  to  the  axis  of 
rotation,  were  subtracted,  one  from 
the  other,  divided  by  the  distance 
between  them,  and  converted  to 
units  of  deg/s*.  This  calculation 
yielded  the  rotational  response  of 
the  structure  between  the  two 
accelerometers. 


These  calculations  were  performed  by 
computer  on  both  the  sine  and  cosine 
components  of  the  response  so  that 
correct  phase  and  magnitude  were 
maintained  between  the  different 
transducers.  In  addition  to  the  above 
accelerometers,  trlaxlal  accelerometers 
were  located  at  each  of  the  crew  seats, 
each  of  the  aft  passenger  seat  locations, 
the  elevator,  and  at  the  90°  gearbox. 

Transfer  functions  were  acquired  on  all 
accelerometers  for  each  degree  of 
freedom.  These  transfer  functions  were 
used  with  a  Bell  modal  analysis  computer 
program  to  define  the  natural  frequencies 
of  the  pylon  and  the  fuselage. 

The  major  transfer  functions  for  the 
pilot  seat  are  presented  In  Figs.  6  through 
11.  These  plots  show  that  the  TRIS  valley 
at  4/rev  (26.3  Hz)  occurs  in  each 
accelerometer,  and  for  each  excitation 
degree  of  freedom.  These  figures  show 
good  frequency  separation  between  4/rev 
and  all  pylon  and  fuselage  modes,  although 
for  this  program  no  attempt  was  made  to 
change  the  hellaoptar  fuselage  modes 
from  the  standard  Bell  Model  206b. 


4/K8V  FORCED  RESPONSE 

For  a  more  accurate  measurement  of  the  TRIS  response  at  4/rev,  forced  response  data  were  acquired  by  exciting  the 
aircraft  with  a  constant  4/rev  sine  wave.  This  part  of  the  test  was  performed  with  no  hub  weight  so  that  the  hub  and 
airframe  response  would  equal  the  In-flight  response  for  the  same  hub  load.  By  measuring  hub  response  in  g*s  or  deg/s3 
and  ratlolng  It  to  the  eg  response  In  the  same  units,  a  measure  of  the  TRIS  transmissiblllty  was  calculated. 

The  fuselage  response  data  are  plotted  In  Figs.  12  through  17.  The  dual  scaling  of  these  plots  was  selected  to  quickly 
show  If  the  90%  Isolation  criterion  was  achieved.  Thu  hi.b  response  was  plotted  with  the  eg  response  for  each  degree  of 
freedom.  With  the  scales  selected,  If  the  curve  for  the  eg  response  falls  below  the  curve  for  the  hub  response,  that 
degree  of  freedom  achieved  the  90%  isolation  criterion)  and  if  the  eg  curve  is  above  the  hub  curve,  then  the  90% 
Isolation  criterion  was  not  met. 


These  plots  show  that  all  responses  met  the  90%  isolation  criterion  with  the  exception  of  the  eg  pitch  response  to  a 
hub  pitch  moment  at  low  load  levels,  although  at  high  load  levels  the  pitch  moment  also  showed  well  over  90%  Isolation. 
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Fig.  6.  Pilot  toot  vertical  rcaponee  to  vertical  shear  force. 


300-lb  hub  weight 


300-lb  hub  weight 


Fig.  8.  Pilot  seat  verticil  reaponee  to  longitudinal  altear  force. 


300-lb  hub  weight 


Frequency  (Hi) 

Pig.  10.  Pilot  eett  lateral  response  to  lateral  ritear  force. 
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Pig.  11.  Pilot  eeat  lateral  reaponae  to  yaw  moment. 


PLIGHT  TEST 


(eolation  Syatem  Performance  Plights 

Four  grosa-welght/cg  combinations  were  used  during  the  High*  tests: 

1.  3500  lb,  fuselage  station  124  3.  3000  lb,  fuselage  station  127 

2.  4100  lb,  fuselage  station  121  4.  4100  lb,  fuselage  station  124 

Airspeed  sweeps  to  Vpe  and  various  maneuvers  were  Investigated.  These  maneuvers  Included  right  and  left  turns  to 
2.5g  at  60,  100,  and  120  ten)  autorotations  at  60  and  30  knj  maximum  power  climbs  at  60,  80,  and  100  km  and  pushovers 
and  pullups  at  60,  80,  and  100  kn. 
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Fig.  It.  Pilot  Mat  vertical  and  lateral  aeealeration  in  forward  flight. 
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Fig.  It.  Pilot  aaat  vortical  and  lateral  acceleration  In  traneitlon  and 
sideward  flight. 


Load  factor  (g) 


Fig.  10.  Pilot  seat  vertical  and  lateral  acceleration  vs  load  factor. 


The  plots  of  4/rev  vibration  levels  vs.  og 
mean  {-levels  for  the  mantuvera  show 
essentially  the  name  levels  at  different  load 
factors  (mean  g)  as  era  aohlaved  at  l.Og, 
except  when  the  maneuver  approaches  2.5g. 
The  TRIS  was  originally  designed  for  -O.Sg 
to  S.Og.  However,  during  the  final  tuning 
phase  of  the  Individual  LIVE  units,2  the 
spring  rate  of  the  Isolators  had  to  be 
reduced  to  achieve  optimum  tuning.  This 
spring  rate  reduction  resulted  In  two 
isolators  bottoming  at  approximately  2.5g 
instead  of  J.Og,  as  Initially  designed.  The 
two  LIVE  units  that  bottomed  out  at  2.5g 
were  the  right  forward  and  left  aft  units. 
These  two  bottomed  as  a  result  of  the 
combination  of  torque  and  lift,  which  added 
as  a  steady  strain  In  the  same  direction  of 
these  two  units.  Torque  subtracted  from  lift 
on  the  right  eft  and  left  forward  Isolators. 
The  result  of  this  bottoming  at  2.5g  was  an 
Increase  in  vibration  levels  at  the  pilot's 
seat  up  to  0.126g.  Although  these  vibration 
levels  were  high  enough  to  be  perceived  by 
the  crew,  the  levels  were  still  significantly 
below  the  levels  on  the  baseline  helicopter 
at  the  same  flight  condition.  Additionally, 
this  bottoming  resulted  in  no  audible  sounds 
to  the  crew  and  was  only  detected  by  a 
detailed  postflight  data  analysis. 

INDUCED  VIBRATION  PROM  OTHER 
THAN  MAIN  ROTOR  HUB 

Because  of  the  Inherent  nature  of  the 
helicopter,  there  are  other  sources  of 
excitation  at  the  main  rotor  4/rev  frequency 
than  those  induced  by  the  main  rotor  hub 
loads.  These  include,  first,  main  rotor 
downwash  onto  the  cabin  roof,  elevator,  and 
tall  boom,  causing  vertical  vibration;  and, 
second,  main  rotor  downwash  onto  the 
elevator  endplates,  vertical  fin,  and  tall 
rotor  diso,  causing  lateral  vibration.  In 
order  to  determine  the  true  performance  of 
the  pylon  TRIS  in  a  flight  test  prog'.-am  it 
was  necessary  to  separate  the  cabin 
vibrations  produced  by  the  main  rotor  hub 
loads  from  those  produced  by  these  other 
sources.  This  is  a  difficult  task  and  Is 
beyond  the  scope  of  the  current  program. 
However,  careful  study  of  the  shake  test  and 
flight  test  data  reveals  a  reliable 
measurement  of  the  magnitude  and  effect  of 
the  other  sources. 

By  comparing  the  level  flight  airspeed 
data,  it  was  found  that  the  main  rotor  hub 
vibration  levels  of  1.3g  vertically,  l.lg 
laterally,  and  l.Og  fore/aft  all  peak  at 
approximately  20  kn  during  transitional 
flight.  At  this  speed,  the  hub  vibration 
levels  are  three  to  four  times  the  levels  at 
the  maximum  level  ’light  airspeed.  Since 
the  transfer  functions  from  the  shake  test 
show  that  the  cabin  vibration  levels  are  all 
much  less  than  1006  of  the  hub  g*s  for  all  six 
degrees  of  freedom,  It  follows  that  this 
relationship  would  hold  true  also  In  a  flight 
test.  It  can  be  seen  that  this  is  true  in 
transitional  flight  where  hub  vibration  levels 
are  over  l.Og  in  all  directions,  and  all  the 
cabin  seat  accelerometers  are  under  O.lg, 
showing'better  than  9006  Isolation.  At  20 
kn,  the  aircraft  Is  not  moving  fast  enough  to 
cause  rotor  downwash  to  impinge  on  the  fin 
or  tall  rotort  therefore,  no  additional 
cabin  vibration  levels  are  produced  from 
airloads  on  the  tail.  This  is  not  true  at 
higher  airspeeds. 
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An  examination  of  the  Vh  and  Vn,  data  showed  that  tha  hub  vibration  lavela  were  much  lower  at  high  speed  than  at 
20  knt  but  this  la  not  true  with  the  arew  vibration  levels.  A  ravlaw  of  tha  vertical  and  lateral  eooelerometera  on  tha  90 
gearbox  revealed  the  reaaom  the  vibration  levela  ahowad  a  audden  Increaae  that  atarted  at  about  11$  kn  and  peaked  at 
over  O.Sf  vertical  and  almoat  l.ug  lateral.  Thia  audden  Inereaaa  waa  cauaed  by  the  main  rotor  downwash  on  the  elevator, 
tail  rotor,  and  fin.  The  audden  Increaae  In  the  90*  gearbox  lateral  vibration  cauaed  the  pllot'a  aeat  lateral  acceleration 
to  Increaae  proportionally,  and  the  Increaae  In  the  90*  gearbox  veitloal  caused  the  cabin  vertical  acceleration  to 
increase.  Since  there  are  no  downwash  affects  that  cause  fore/aft  vibrations,  the  cabin  eg  fore/aft  accelerations 
responded  directly  and  proportionally  to  the  main  rotor  hub  accelerations  through  the  THIS. 

THIS  Performance 


It  can  be  seen  from  the  above  discussion  that  the  TRIS  performance  during  flight  test  can  only  be  directly  determined 
in  the  transition  airspeed  region  where  4/rev  excitations  from  other  sources  are  small.  The  high-speed  cabin  vibrations 
are  dominated  by  excitations  from  sources  other  than  the  pylon  THIS. 

In  *he  transition  region  (shown  in  the  airspeed  sweep  plots  of  Fig.  18  and  the  rearward  and  sideward  flight  plots  Fig. 
19),  it  can  be  seen  that  all  the  crew  accelerometers  are  below  O.OSg  for  all  gross-weight/cg  combinations  flown, 
demonstrating  that  TRI8  provided  over  95%  Isolation  under  tl.  tie  conditions. 

BASRUMR  HELICOPTER  COMPARISON 


A  comparison  between  the  TRIS  Installed  helicopter  and  the  same  helicopter  with  Its  baseline  Isolation  system  was 
performed.  The  Model  206LM  has  been  used  as  a  dynamics  testbed  for  many  years  and  has  been  configured  and  flown 

with  many  Isolation  systems.  The  206LM, 
however,  has  never  been  flown  with  the 
transmission  rigidly  attached  to  the 
airframe.  For  an  isolation  performance 
comparison,  the  Focal  Pylon  Isolation 
System  was  picked. 

The  Pocal  Pylon  Installation  only  Isolates 
hub  pitch  and  roll  moments,  and  does  not 
isolate  vertical,  longitudinal,  and  lateral  hub 
shears  or  yaw  hub  moments.  A  comparison 
between  the  Focal  Pylon  Isolation  System 
(two  degrees  of  freedom)  and  the  TRIS 
installation  (six  degrees  of  freedom)  shows 
the  real  potential  of  TRIS.  Fig.  21  shows 
the  comparison  of  vertical  vibrations  at  the 
pilot's  seat  for  an  airspeed  sweep  at  a  gross 
weight  of  4,100  lb  and  eg  of  124  (neutral). 
True  airspeed  (kn)  These  comparisons  show  a  reduction  at  20  kn 

of  7596  over  the  baseline  206LM  helicopter 

Fig.  21.  Pilot  seat  vortical  acceleration  with  and  without  TRIS.  vibration  levels  with  the  Focal  Pylon. 


HANDLING  QUALITIES 

During  the  Initial  test  flights,  the  pilot  reported  the  handling  characteristics  of  the  TRIS  206LM  were  significantly 
Improved  over  any  previous  208LM  configuration.  This  Improvement  was  due  In  part  to  the  standard  206L-1  focused 
main  rotor  flight  controls  Installation,  which  differed  from  the  previous  206LM  coupled  main  rotor  control  Installation. 
This  different  control  installation  resulted  In  different  control  Inputs  to  the  cyclic  and  collective  controls  as  they  relate 
to  TRIS  pylon  motion. 

Handling  qualities  evaluations  were  conducted  at  both  heavy  gross  weight/forward  eg  end  light  gross  weight/aft  eg. 
Cyclic  and  pedal  step  Inputs  and  pulses  were  performed  during  level  flight  (at  SO  kn  snd  100  kn),  descents  (60  kn),  and 
climbs  (80  kn).  In  addition,  step  Inputs  were  conducted  in  hover.  Static  lateral  dlrect'on»l  stability  was  quantified  In 
level  flight  (60  kn  and  100  kn).  Static  longitudinal  stability  was  conducted  with  trim  airspeeds  of  106  kn  in  level  flight, 
80  kn  In  climb,  and  finally  In  autorotation. 

Aircraft  responses  to  control  step  Inputs  and  pulses  reflect  neutral  to  slightly  positive  damping  of  the  longitudinal 
phugotd  at  100  kn  and  time  to  double  amplitude  In  excess  of  20  seconds  at  60  kn  at  light  gross  weight/aft  eg.  Lateral 
aircraft  response  to  step  Inputs  was  generally  a  slow  rolling  spiral.  Static  longitudinal  and  static  lateral  directional  stick 
gradients  were  slightly  positive  at  aft  eg.  Dihedral  was  slightly  positive  at  aft  eg  as  well. 

The  most  Important  Improvement  waa  achieved  during  flight  in  very  gusty  air.  Because  of  the  control  decoupling 
that  wu  Installed  Into  the  TRIS  pylon  Isolation  system,  the  rotor  responded  to  gusts  wit'-  hub  moments  and  shears  and 
deflection  of  the  pylon,  8!nee  there  waa  no  control  coupling  to  cause  the  rotor  to  feather  to  a  new  angle  (and  therefore, 
some  other  position  In  space  taking  the  airframe  with  it),  the  dynamics  of  the  pylon/al-frame  responded  like  sny  other 
transiently  excited  system  and  just  oscillated  about  the  origins!  position  a  few  cycles  until  the  motion  damped  out.  The 
results  of  this  effect  can  be  seen  In  the  flight  test  data  plotted  In  Figs,  22  and  25.  For  these  records,  the  aircraft  was 
flown  In  heavy  gusto  to  a  stabilized  level  flight  condition,  at  which  point  the  pilot  would  tighten  the  friction  on  the 
controls  until  they  would  stay  fixed  with  his  hands  off.  The  data  record  was  then  started  and  continued  until  the  aircraft 
finally  yawed  or  rolled  off-line  excessively,  30  to  40  seconds  after  the  pilot  took  hit  hands  off.  The  pilot  would  then 
make  a  control  Input  to  level  the  aircraft.  These  records  were  recorded  in  very  gutty  air,  as  seen  by  the  eg  load  factor 
traoe  Indicating  how  much  the  aircraft  was  being  bounoed  around.  The  guats  were  strong  enough  to  create  pitch,  roll, 
and  yaw  rates  as  high  as  4  deg/a,  but  the  aircraft  stayed  within  5°  of  Its  initial  pitch  and  roll  attitudes  even  after  40 
seconds  with  no  pilot  Input  required.  In  less  gusty  air,  the  pilot  has  flown  for  90  seconds  without  making  control  Inputs. 
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coNCLuaom 

The  following  conclusions  in  apparent  from  the  analyili  of  the  ground  vibration  teat  and  tha  flight  taat  of  tha  THIS 
Inatallatlon  on  tha  Ball  208LMt 

1.  A  ilx  degree  of-freedom  pylon  laolatlon  ayitam  can  ba  mada  to  Isolate  wall  over  90%  of  tha  main  rotor  hub 
loads. 

2.  Tha  rasultlng  oabin  vibration  levels  (from  tha  remaining  10%  of  tha  hub  shears  and  moments  that  are  not 
Isolated)  are  below  perception. 

3.  There  are  other  n/rev  vibration  aouroes  that  dominate  the  resulting  cabin  4/rev  vibration  levels  and  thay  must 
be  reduced  before  any  additional  reductions  In  cabin  vibration  levels  can  be  achieved. 

4.  The  highest  vibration  levels  at  the  crewstatlons  during  level  flight  to  120  kn  measured  less  than  O.lg  and  were 
Imperceptible  to  the  crew.  The  Justification  for  a  military  criterion  less  than  this  lavel  must  be  questioned. 

5.  The  TR18  Inatallatlon  had  a  weight  penalty  of  69.ST  lb  on  the  20SLM.'  This  Is  less  than  l.TS%  of  the  maximum 
gross  weight  of  4,100  lb.  This  Installation  wu  designed  to  be  adjustable  and  therefore  somewhat  heavier  than 
a  production  system  need  be.  By  manufacturing  the  LIVE  units  without  adjustability  and  ou»  of  lightweight 
material  (stainless  steel  was  used  for  this  proof-of-concept  test,,  less  than  1%  weight  penalty  Is  easily 
achievable. 

8.  The  objective  of  this  flight  test  program  (all  six  degrees  of  freedom  Isolated  over  90%  In  flight)  has  been  met 
with  the  TR1S  Installation.  However,  the  desired  goal  of  less  than  O.OSg  throughout  the  level  flight  envelope 
was  not  met  because  of  other  airframe  excitations  that  dominate  the  remaining  vibrations  at  high  speed. 

7.  A  comparison  of  the  TRIS  vibration  levels  to  the  Focal  Pylon  vibration  levels  do  not  show  the  maximum 
potential  of  a  TRIS.  If  the  comparisons  were  made  to  a  rigidly  mounted  transmission,  an  even  greater 
reduction  from  baseline  would  be  observed. 
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SttHAKY 

Vibration  still  remains  as  one  of  the  major  problem  areas  for  rotar  -winged 
flight.  In  order  to  control  helicopter  vihraticn,  many  absorption  and 
isolation  schauee  have  been  applied  with  limited  success.  Advances  in  both 
oonputational  techniques  and  actuator  technologies  have  created  a  firm 
base  for  the  development  and  application  of  active  vibration  control 
strategies  to  the  helicopter. 

this  paper  details  ana  such  technique  and  its  current  demonstration 
installation  on  a  Westland  30  helicopter.  Termed  Active  Control  of  Structural 
Response  (ACSR),  the  technique  employs  high-frequency  f orce-a:  rustion 
within  the  helicopter's  structure.  Those  forces  are  superposed  onto  the 
dominant  vibratory  forces  in  an  active  manner,  such  that  the  fuselage 
vibratory  response  is  minimised.  The  basic  control  philosophy  for  ACSR  is 
described  and  the  current  experimental  demonstration  status  is  detailed. 

1.  INnCCUCTIO) 

The  control  of  vibration  has  been  and  remains,  a  problem  for  all  rotary  winged  vehicles.  Considerable 
efforts  have  been  expended  aver  many  years  in  attempts  to  reduce  vibration  to  acceptable  levels.  Ch  the 
helicopter  there  are  many  sources  of  vibration,  but  the  most  important  component  is  generated  by  the  main 
rotor  and  occurs  at  a  frequency  (bR)  equal  to  the  product  of  the  number  of  blades  (b)  and  the  rotor  speed 
(R).  This  blade  passing  frequency  vibration  is  an  inherent  consequence  of  driving  a  rotor  edgewise 
through  the  air,  and  can  never  be  completely  eliminated,  although  the  magnitude  of  the  rotor  excitation 
can  be  controlled  by  careful  rotor  system  design.  The  response  of  the  airframe  is  also  sensitive  to  the 
dynamic  characteristics  of  the  fuselage,  and  again  careful  design  can  minimise  the  response,  as  under¬ 
standing  of  the  nature  of  the  problem  has  increased,  and  the  ability  to  predict  the  dynamic  response  of 
both  rotor  and  airframe  has  improved,  it  has  bacon  possible  to  design  a  helicopter  for  low  vibration,  or 
at  the  very  least  to  avoid  those  problems  which  have  led  to  very  high  vibration  in  the  past.  The  trend 
far  increased  cruise  speed,  and  mission  endurance  has,  however,  aggravated  the  problem,  since  the  megnitude 
of  the  rotor  vibratory  loads  increases  with  speed,  and  the  effect  of  vibration  on  human  fatigue  is 
proportional  to  exposure  time. 

Over  the  years  a  number  of  passive  methods  for  tackling  the  problem  have  been  developed,  indeed  helicopter 
dynamiciets  are  renewed  for  their  ingenuity.  Since  vibration  originates  as  airloads  acting  on  the  rotor 
blades  then  it  is  not  surprising  that  iteny  features  of  the  rotor  are  important)  these  include  the  number 
of  blades,  type  of  hub,  frequency  placement  with  respect  to  rotor  speed  of  the  blade  modes  and  coupling 
between  flapping  and  torsion  in  the  modes.  However,  the  rotor  design  process  is  necessarily  a  compromise 
between  a  number  of  conflicting  requirements,  and  some  residual  farcing  will  always  be  present. 

Having  achieved  the  best  possible  rotor  behaviour  i*.  is  necessary  next  to  consider  the  response  of  the 
airfrme.  This  can  be  control 1x1  by  designing  the  airframe  to  be  non-resonant  j  isolating  sensitive  areas 
of  the  airframe  from  the  source  of  excitation,  and  by  fitting  vibration  absorbers.  Non-reaonant  airframe 
design  ia  new  standard  practioe  throughout  the  industry.  However,  studies  have  shown  that  the  rotor  loads 
are  often  enough  to  give  unacceptable  vibration  even  if  the  fuselage  behaved  aa  a  rigid  body.  Thus  it  is 
not  sufficient  for  the  fuselage  to  be  non-resenant,  it  mist  be  anti-resonant  and  this  is  impossible  to 
achieve  throughout  the  airframe. 

Vibration  abeorbers  hava  proved  very  successful  in  the  past,  but  always  have  the  disadvantage  of  involving 
acme  weight  penalty,  and  in  the  case  of  rotor  head  mounted  absorbers  the  weight  penalty  can  be  considerable, 
say  It  of  the  gross  aircraft  weight.  Rotor  head  mounted  abeorbers  also  increase  the  aircraft  drag. 
Nevertheless  this  is  a  preferred  mounting  position  as  it  is  close  to  the  source  of  vibration  and 
consequently,  this  form  of  vibration  coutrol  ia  often  adopted. 

Fuselage  isolation  system,  based  upon  either  simple  soft  springs  or  more  complex  anti-resonant  principles 
(eg.  DAVI'a)  have  been  tried  an  a  number  of  aircraft,  with  mixed  success.  Suuch  systems  are  usually 
mounted  at  the  fuselage  to  main  gearbox  interface.  One  considerable  problem  is  that  until  now  such  systems 
have  been  passive,  and  therefore  produce  loads  »*uch  are  related  only  to  the  displacements  at  the 
attachment  points.  This  means  that  any  non-iaolated  load  paths  connecting  the  rotor  to  the  fuselage  can 
seriously  degrade  the  aystoie  performance. 
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Other  problems  with  anti-resenant  systam  are  the  effect  of  variations  in  rator  speed  on  attenuation, 
and  the  ireintenanoe  requirements  to  keep  the  system  tuned.  Simple  soft-mounting  ayatems  do  not  suffer  from 
this  problem,  but  on  the  other  hand  it  is  difficult,  if  not  impossible,  to  obtain  a  sufficient  degree  of 
attenuation  without  using  unacceptably  soft  springs. 

With  the  advent  of  increased  computing  power  the  use  of  active  techniques  to  control  vibratio-.  has 
become  a  real  possibility.  CJie  favoured  and  much  studied  method  is  to  oscillate  the  blades  in  pitch  at 
harmonica  greater  than  the  first  (known  ss  Higher  Harmonic  Control  or  HHC)  in  an  attempt  to  reduce  the 
loads  transmitted  to  the  airframe.  Trials  by  a  number  of  companies  have  shown  very  promising  results,  at 
least  for  flight  well  within  the  rotor  performance  envelope.  Furthermore,  studies  at  Westland  have 
indicated  reductions  of  typically  80  -  90%  in  airframe  vibration.  The  need  for  an  active  (self-adaptive) 
control  system  arises  from  the  complex  nature  of  the  rotor  loads  and  the  fuselage  dynamics,  b»n -adaptive 
systems  are  unlikely  to  be  successful. 

A  ntnber  of  potential  difficulties  exist  with  the  implementation  of  HHC.  These  include  a  possible 
degradation  of  rotor  performance,  due  to  conflict  between  retreating  blade  stall  at  high  forward  speeds 
and  the  requiranents  of  vibration  reduction.  Ore  must  also  be  taken  with  the  airworthiness  implications 
of  modifying  the  primary  flight  control  circuit,  *4iich  may  require  stiffening  to  improve  the  blade  response 
to  higher  harmonic  actuator  inputs. 

In  this  paper  a  new  approach  to  helicopter  vibration  control  is  considered.  We  believe  it  ccnbines  the 
best  aspects  of  soft  or  anti -resonant  isolation  systems  with  modern  active  control  technology,  and  avoids 
the  potential  rotor  performance  and  airworthiness  problems  associated  with  HHC.  The  new  approach  is  tne 
Active  Control  of  Structural  Response  (ACSR).  The  theoretical  basis  of  the  technique  is  described  in  the 
next  section.  The  principle  consists  of  connecting  a  number  of  actuators  between  convenient  points  on 
the  airframe  and  applying  forces  to  the  structure  through  these  actuators.  The  magnitude  and  phase  of  the 
loads  generated  by  the  actuators  are  chosen  to  minimise  vibration  at  a  number  of  locations  in  the  fuselage, 
with  the  system  being  controlled  by  an  active  control  algorithm. 

The  basis  of  the  technique  is  given  in  the  following  sections,  followed  by  a  study  of  the  potential  benefits 
and  application  of  ACSR  as  applied  to  the  Westland  30/Series  100.  Finally,  the  advantages  and  disadvantages 
of  ACSR  are  oaipaned  with  those  for  HHC. 

2.  ACTIVE  COMITOL  OF  STRUCTURAL  RESPONSE  -  BASIC  THEORY 

In  this  section  the  basic  theory  behind  the  active  central  of  structural  response  is  developed.  Consider 
any  linear  dynamical  system,  and  let  the  normal  modes  of  the  system  be  0n,  with  corresponding  natural 
frequency  wn,  nodal  mass  my,  and  ratio  of  critical  damping  sn.  The  suffix  n  runs  over  the  range  1  to  N, 
where  N  is  the  number  of  normal  modes. 

Suppose  the  systan  is  acted  upon  by  a  set  of  external  oscillatory  loads,  all  at  a  single  frequency  w. 

In  the  helicopter  case  these  loads  are  the  rotor  generated  vibratory  hub  forces.  If  Fr  is  defined  as  the 
vector  of  external  loads  applied  at  point  R,  then  in  Euler  form  the  sinusoidal  forcing  is  defined  as: 

iWt 

F  -  F  •  (1) 

-R 

where  the  individual  elements  of  Fr  are  complex  numbers  and  i  is  defined  as  the  square  root  of  -1.  Then 
in  the  usual  woy,  the  response  of  the  structure  to  the  rotor  forces  alone  in  physical  co-ordinates  is 
given  by: 
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where  Y  is  the  vector  of  displacements  at  each  point  in  the  system,  B  denotes  the  background  vibration 
vector  at  each  point  in  the  system  and  T  denotes  the  vector  tran^xjse. 

Suppose  now  that  a  force  U  is  applied  to  the  structure  at  point  P  and  an  equal  and  opposite  force  is 
applied  at  point  Q,  where: 
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Then  the  vibratory  response  of  the  system,  Y,  to  this  force  is  given  by: 
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when  Ti  la  the  nati  of  the  eyateei  to  e  unit  fore*  Xl  applied  batmen  point*  P  end  0  end  0  (P>  etc 
denotes  the  value  of  0  at  point  P. 

Co'toir'm  the  reepcnae  to  the  ooctarnsl  force  with  that  generated  by  force  Xi,  equation*  (2)  and  (3),  the 
response  beocmea 


Y  -  T  X  4  1 
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the  response  Y  at  any  chosen  point  in  the  structure  S  oan  be  mid*  aero,  provided  Ti(S)  ia  non- zero.  Thus, 
with  a  single  control  force  the  response  It  a  single  point  in  the  structure  nay  be  reduced  to  zero. 

Generalising  to  K  force  actuation  point*,  the  total  response  of  th*  structure  becomes! 

K 
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where  £tJ  is  a  matrix  with  columns  Tj 
basis  of  ACSR.  Tn  general  with  ft  control  forces,  the  responses  at  R  separata  locations  in  the  structure 
may  be  reduced  to  zero,  provide.-1  the  sub-matrix  of  [Tj  relating  to  the  K  response  points  to  the  actuator 
loads  is  non-singular. 

Blade  passing  frequency  vibration  in  the  helicopter  ia  typically  in  the  range  of  10  to  30  Hz,  and  the 
fuselage  response  will  be  dominated  by  the  modes  in  the  range  from  zero  to  twice  blade  passage  frequency. 
Locking  again  thenat  equation  (4)  it  is  clear  that  if 
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in  all  the  inodes  in  the  frequency  range  of  interest  the  response  at  S  due  to  Xiwill  be  zero.  Thuu  to  be 
successful  it  is  important  that  there  is  seme  relative  motion  between  the  points  P  and  Q  in  the  nodes  to 
be  controlled.  Furthermore,  the  larger  this  relative  motion  the  lower  the  required  force  needs  to  be. 

The  Westland  30  series  100  aircraft  is  ideal  in  this  respect.,  since  it  already  incorporates  a  soft 
transmission  mounting  system  across  which  the  actuators  otn  be  attached. 

In  order  to  implement  the  technique  a  control  strategy  is  required  which  schedules  the  actuator  magnitudes 
and  phases  such  as  to  minimise  fuselage  vibration.  A  discussion  of  the  control  options  and  the  selected 
scheme  for  flight  demonstration  is  given  in  the  following  section. 

3.  OOfUTOL  STRATB5IES 

Broadly,  two  categories  of  control  algoriJzm  are  applicable  to  the  implementation  of  iCSR,  wnich  may  he 
classified  as  either  frequency  or  time  domain  in  nature. 

the  time  domain  algorithms  are  baaed  on  the  continuous  fee&eck  of  vibration  through  a  set  of  pre¬ 
determined  control  gains.  There  are  a  muter  of  potential  difficulties  with  the  implementation  of  these 
types  of  strategy.  Primarily,  the  selection  of  suitable  gains  for  vibration  minimisation  depends  on 
accurate  knowledge  of  the  helicopter's  dynamics.  In  practice,  the  dynamics  are  ill-defined  and  will 
change  with  aircraft  all-up-weight.  A  nurfcer  of  design  techniques  >-»ve  been  developed  for  generating 
control  laws  for  multi-dimensional  flexible  structures .  The  most  premising  of  these  techniques  is 
Independent  Itodal  Space  Oontrol(D49C).  This  techniqufc  hinges  on  the  ability  to  control  a  nurfcer  of 
vibratory  modes  through  the  feedback  of  modal  information.  In  general,  the  application  of  this  control 
law  requires  one  actuator  per  controlled  mode.  However,  a  sub-optimal  version  of  IM9C  has  been  developed 
(reference  1),  whereby  the  restriction  of  one  actuator  per  mode  is  relaxed.  Given  that  the  number  of 
actuators  is  significantly  lesa  than  the  nuifcer  of  modal  1st  rodeo,  than  it  is  neoassary  to  use  a  sub- 
optimal  formulation  to  determine  the  actuator  oormands  which  yield  the  required  generalised  forcings  in 
each  mode.  Control  over  the  way  in  which  vibration  ia  minimised  is  achieved  through  the  relative 
weighting  of  the  dominant  modes,  The  feedback  of  modal  information  does,  however,  dictate  the  need  for 
' observers ' ,  whose  function  is  to  estimate  nodal  information  baaed  on  the  measured  vibration.  Essentially, 
the  derivation  of  control  gains  is  baaed  on  the  minimisation  c  a  quadratic  performance  index.  The  object 
of  this  index  ia  to  directly  minimise  the  structure's  modal  response  without  excessive  control  effort. 
Minimisation  of  this  index  gives  a  feedback  formula  for  each  modelled  structural  mode  in  terms  of  the 
generaliaedl  forcing  required  for  that  mode.  Finally,  it  ia  necessary  to  dstermine  the  actuator  cermands 
which  realise  these  generalised  forces.  This  approach  attempts  to  increase  the  structure's  natural 
dsnping  and  also  allows  the  modal  frequencies  to  be  moved.  Consequently,  at  its  best  this  approach  will 
make  the  fuselage  non-resenant  rather  than  anti -resonant,  The  major  advantage  of  this  technique  is  that 
it  allows  for  the  minimisation  of  vibration  over  a  wide  frequency  range. 

Frequency  domain  control  algorithm*  are  baaed  on  th-  minimisation  of  vibration  at  the  dominant  blade 
passing  frequency  alone.  The  assumption  is  mads  of  a  quaai-static  linear  relationship  between  the 
measured  vibrations  resulting  from  a  given  set  of  force  inputs,  at  blade  passing  frequency,  of  the  form 
given  in  aquation  (7).  TO  maintain  this  steady  linear  relationship,  it  is  necessary  to  use  hign 
resolution  Discrete  Fourier  Transform  (DFT's)  over  an  appropriate  time  interwl  to  extract  the  fuselage 
forced  response  from  the  decaying  transient  vibration.  The  minimisation  of  vibration  is  achieved  through 
the  optimisation  of  e  performance  function  J,  defined  os: 

T  T 

J  -  Y  CC3  V  +  X  101  X 
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,  and  X  is  a  vector  of  the  control  forces  Xj*  aquation  (7)  is  the 
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what*  fcj  and  [d]  ara  diagonal  matrices  of  weighting  factor*.  The  walghtlng  matrix  £  C]  allow*  for  tha 
possibility  of  carta  in  fuaalaga  location*  balng  mot*  important  with  ra^iart  to  vibration  than  othara. 

Tha  tarn  X~J  Dj  X  ia  Includad  to  allow  limiting  of  tha  actuator  command*  within  thalr  practical 
constraint*.  miiladaaticn  of  thia  performance  function  yialda  tha  following  optimal  control  formulation! 

t  -It 

X  •  -  (  [t)  £C)  ttl  4  t01  )  ttl  CC3  B  (9) 

Hilt  approach  is  idwtibal  to  that  propoaart  tor  Higher  Harmonic  control  (me)  aa  detailed  in  Reference  2. 
For  me,  tha  'coefficient*  of  tha  assured  linear  relationship  are  known  to  vary  with  flight  condition  and 
hence,,  statistical  altimeter*  ara  used  to  track  them  during  flight.  Howervar,  unlike  MC  tha  transfer 
relationship  far  ACSR  can  be  asautad  to  be  constant  for  givwn  fuselage  dynamics.  This  allows  the  use  of 
a  nunber  of  options  *hich  depend  on  either  tha  estimitlon  of  all  the  background  parameter*  (of  the  assured 
linear  relationship)  or  only  a  limited  meter  of  parameters. 

in  order  to  proceed  with  tha  daaign  of  a  vibration  controller,  it  was  necessary  to  make  an  early  decision 
on  tha  type  of  control  strategy  for  thn  danens -ration  of  thia  tadvtiqu*.  Through  extensive  simulation 
work  it  was  concluded  that  the  tirw  domain  options  were  difficult  to  realias  and  did  not  prove  robust  to 
changes  in  aircraft  dynamics.  Furthermore,  tha  degree  of  vibration  minimisation  was  not  as  good  as  for 
tha  frequency  domain  algorithm.  Mao,  tha  frequency  domain  methods  proved  both  to  be  robust  and  simple 
to  realise,  although  they  are  significantly  mors  oenplax  to  implement  in  controller  form. 

Early  work  at  Westland  (funded  by  the  RAE)  an  the  development  of  a  multi 'triable  controller  for  me  had 
developed  tha  controller  architecture  to  a  reasonable  degree  of  sophistication.  Hence,  it  was  decided  to 
ruggedise  this  htrdtnre  and  develop  the  frequency  domeip  algorithms  for  flight  demonstration  on  the 
Westland  10. 

The  general  arrangement  for  the  frequency  domain  control  strategies  is  shown  in  Figure  1.  This  indicates 
that  the  primary  controller  functions  are  signal  processing,  parameter  estimation  and  optimal  control. 

In  order  to  demonstrate  fCSR  a  nurber  of  controller  options  have  been  implemented  in  microprocessor  form. 
Theue  options  are  summarised  below  in  Table  I. 


OPTIMAL  OMIROLUER  TYPE 

ESTIMATOR  TYPE 

MODE!  TYPE 

STRATEGY 

Global 

Deterministic 

Kalman  Filter _ 

Stochastic 

Kalman  Filter 

Recursive  Least  Squares 

local  - 
Linear 

Deterministic 

Kalman  Filter 

MSBSSMSM' 

Stochastic 

Recursive  Least  Squares 

Reduced 

None 

TABLE  I  Control  Algorithm  Options 
These  options  arise  from  four  basic  considerations. 

(a)  The  background  linear  vibration  model  can  be  assumed  to  be  either  global  or  incremental  in  nature. 
This  gives  rise  to  the  Global  and  Local -linear  representations. 

(b)  The  optimal  controller,  which  provides  tha  minimising  actuator  oatmands  can  be  either  deterministic 
or  stochastic.  The  deterministic  controller  assumes  perfect  knowledge  of  the  background  parameters.  The 
stochastic  controller  considers  the  fact  that  the  parameters  may  be  estimated,  Thia  has  the  effect  of 
making  the  controller  ’cautious’. 

(c)  A  further  consideration  arises  from  the  assimptions  about  the  background  parameters.  The  full  (HHC 
type)  controller  assumes  that  these  parameters  vary  with  flight  condition  and  hence,  estimators  are  used 
to  trade  these  changes.  However,  given  that  for  a  particular  set  of  helicopter  dynamics  the  transfer 
matrix  [tJ  remains  constant,  then  a  reduced  statistical  estimator  can  be  used. 

(d)  Given  that  a  full  estimation  strategy  ia  adopted,  then  two  basic  forms  of  estimator  are  applicable, 
the  Kalman  filter  or  the  Recursive  Least  Squares  estimator  (with  variable  forgetting  factor). 
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Cne  of  the  min  problems  with  the  use  of  the  frequency  domain  technique  relates  to  the  assumption  of  a 
static  linear  background  model.  This  assumption  implies  that  it  is  necessary  to  extract  the  steady 
forced  response  iron  tie  transient  response.  In  practice,  information  from  this  transient  period  is  used 
by  the  signal  processor  vo  help  identify  the  static  forced  vibration  response.  The  timing  diagram  for  the 
controller's  operation  (Figure  2)  illustrates  the  control  sequence.  The  fuselage  transient  response  is 
of  the  order  of  2«  critically  daiiped  and  this  level  of  danping  will  give  transient  decay  times  in  kjcess 
of  3  seconds.  However,  the  use  of  DFT's  requires  a  signal  processing  time  of  approximately  three  rotor 
re  dilutions  to  idsntify  the  blade  passing  frequency  (22  hz  for  the  Westland  30)  forced  vibration  response 
from  the  3urrcuruing  transients  (which  occur  at  the  structure's  natural  frequencies).  In  this  instance, 
the  frequency  resolution  of  the  filter  is  22  Hz  +/-  1.5  Hz. 

The  implementation  of  tlie  Frequency  Domain  algorithms  on  an  adaptive  controller  has  shown  update  rates  to 
be  of  the  order  of  one  reccnd  (this  ccnprisGs  600  kb  for  signal  processing  and  400  ms  for  algorithm 
calculations) . 

The  algorithm  performance  is  significantly  affected  by  controller  update  rates.  Given  steady  aircraft 
flight  conditions  then  the  typical  algorithm  performance  is  characterised  by  a  4  -  6  second  period  during 
which  the  traiisient  vibrations  decay,  (Figure  3).  This  transient  period  is  often  acccnpanied  by  rapid 
fluctuations  in  control  action  while  the  parameter  estimator  adjusts  to  more  optimal  conditions .  The 
steady  state  performance  can  be  improved  by  the  effective  limiting  of  the  rate  of  change  of  the  actuator 
inputs  through  using  the  stochastic  or  'cautious'  controllers  which  will  give  a  smooth  transient  period 
(F«.r.«re  4).  A  reduction  in  the  transient  period  can  be  achieved  by  using  correct  initial  estimates  for 
the  uynar  'os. 

'3ie  performance  of  the  various  controller  configurations  using  die  one  second  update  has  been  evaluated  for 
a  variety  of  manoeuvre  conditions.  It  is  apparent  that  using  this  update  rate,  the  vibration  reduction 
capability  during  fast  manoeuvres  is  limited.  Figure  5  shows  the  effect  of  a  fast  ramp  velocity  manoeuvre 
(ii.9-133  knots  in  2  seconds).  The  results  indicate  that  the  filter  detects  the  manoeuvre  and  attempts  to 
-etrack  the  parameter  estimates.  This  period  of  change  is  characterised  by  rapid  fluctuations  in  the 
Kalman  gain,  which  represents  the  amuunt  by  which  the  estimates  are  updated.  The  problems  with  tracking 
manoeuvres  are  directly  attributable  to  the  slow  update  time. 

During  the  above  ramp  there  are  only  two  filter  update  cycles.  This  dees  not  allow  the  filter  to  adjust 
to  the  change.  Consequently,  there  is  a  fuidier  transient  period  after  the  ranp  where  the  vibrations 
settle.  The  performance  of  the  controller  during  slower  manoeuvres  is  significantly  inproved.  Generally, 
the  filter  requires  at  least  5  or  more  cycles  to  adjust  to  the  change.  For  example,  the  filter  is  able 
to  adapt  and  contirue  to  minimise  vibration  for  manoeuvres  of  the  endar  of  2  knots/second. 

4.  ACSR  ON  THE  WESTLAFD  30 

ACSR  is  particularly  suitable  to  the  Westland  30,  whose  raft  construction  (Fiaure  6)  a llcws  force 
actuators  to  he  incorporate  1  into  the  gearbox/fuseiage  i- ter face  at  the  four  elastomeric  mount  locations. 
The  technique  in  this  application  is  often  termed  Active  Gearbox  Interface  Control  (AGIO.  Westland  are 
currently  engaged  on  a  prog  ramre  of  vxirk  leading  to  a  proof  -of  -concept  datcnstrati.cn  on  a  Westland  30 
through  flight  testing  in  late  1986.  Thi3  initial  phase  of  research  and  flight  demonstration  is  sponsored 
by  the  Royal  Aircraft  Establishment  (RAE)  and  tne  Ministry  ol  Defence/Directorate  of  Future  Systems 
(btoD/DFS). 

The  basic  control  system  cenprises  ten  airframe  vibration  sensors  (see  section  4.5),  an  active  controller 
md  four  force-producing  electro-hydraulic  actuators.  In  addition  to  the  above  the  full  experimental 
installation  includes  a  flight  engineer's  station,  pilot's  pane'  and  data  recording  facilities.  A 
schematic  of  the  proposed  systsn  is  given  in  Figure  7,  whose  major  system  elements  are  described  as 
follows: 

1.1  Adaptive  Control  Unit 

This  is  a  multi-prccessor  baser,  adaptive  controller  whose  primary  function  is  to  schedule  the  magnitude 
and  phases  of  the  four  actuator  force  inputs  suchthat  airframe  vibration  is  minimised.  In  addition  to 
the  vibration  control  algorithm,  the  following  functions  are  implemented  within  the  controller: 

(a)  Signal  Processing  -  decomposes  measured  vibration  into  4R  vibration  components  using  Discrete 
Fourier  Traraform  methods. 

(b)  Actuator  Servo-mop  Control  -  this  provides  the  servo-actuator  drive  signal  and  incorporates  two 
actuator  servo-loop  control  laws.  The  primary  loop  is  based  on  force  feedback  and  provides  force- 
following,  ensuring  that  the  actuator  sees  no  mean  load.  The  secondary  control  law  arises  due  to  the 
possible  coupling  of  the  actuators  across  the  raft,  and  incorporates  differential  velocity  and 
acceleration  feedback  from  across  the  raft  fuselage  interface. 

(c)  Executive  Processor  -  controls  the  interface  to  the  flight  engineer's  station  and  provides 
information  for  a  real-time  graphic;  display. 

(d)  ‘  Data  Acquisition  System:  Interface  -  lords  required  instrumentation  data  inti,  buffers,  which  are 
accessed  by  a  Modular  Data  Acquisition  System  (MuOkS). 

4.2  Active  Elastomers 

A  force  educing  actuator  is  incorporated  within  each  of  the  four  modified  elrstaneric  mounts  i Figure  8). 
The  furccron  of  the  actuators  is  to  inject  forces  into  the  structure  at  blade  passing  frequency,  but 
without  any  resistance  to  the  low-frequency  raft  motions. 


4.3  Engineer's  Station 


This  consists  of  a  ruggedised  computer  ncnitor  and  keyboard.  The  monitor  will  provide  a  real-tine 
graphics  facility,  displaying  vibration,  force  and  algorithm  infornetion.  provision  will  be  nede  for  all 
necessary  tests  to  be  carried  out  by  the  flight  engineer. 

4.4  Pilot's  Panel 

Primarily  the  pilot's  panel  gives  the  pilot  authority  ever  the  control  system.  Warning  indicators  for  the 
hydraulic  supply  system  and  an  actuator  by-pass  indicator  are  included.  The  pilot  is  able  to  switch  the 
hydraulic  isolation  solenoid  and  provide  the  engineer’s  station  with  the  authority  to  take  the  actuators 
out  of  by-pass.  Also,  the  pilot  can  disable  the  centred  system  at  any  time,  thus  returning  the 
helicopter  to  its  original  state. 

4.5  Vibration  Sensors 

Twenty-four  vibration  locations  throughout  the  fuselage  will  be  linked  to  the  controller.  These  twenty- 
four  locations  will  be  divided  into  two  sets  of  twelve,  fron  which  the  flight  engineer  can  select  five 
frem  each  tvrelve.  This  allows  seme  flexibility  of  the  sensors  used  by  the  vibration  controller  and  will 
allow  for  system  optimisation. 

4.6  Data  Acquisition  System 

Use  will  be  made  of  MDDAS  for  flight  data  recording.  Both  sensor  information  and  digital  algorithm 
parameters  are  to  be  recorded  for  later  analysis. 

5.  TOE  BENEFITS  OF  ACSR  FOR  TOE  WESTLAND  30  SERIES  100 

As  described  previously  the  Westland  30  is  fitted  with  four  elastomeric  mounts,  which  are  relatively  soft 
in  the  vertical  and  fore-aft  directions,  and  stiff  in  the  lateral  direction.  The  aircraft  u  also  fitted 
with  a  rotor  mounted  mss-spring  absorber,  and  the  combination  of  soft-mounted  raft  and  absorber 
produces  an  aircraft  with  levels  of  vibration  typical  of  the  modem  helicopter.  Without  the  absorber  the 
levels  of  vibration,  especially  at  the  front  of  the  aircraft,  are  high  (see  Reference  3). 

This  section  discusses  predicted  vibration  performance  of  ACSR  on  the  Westland  30,  assigning  perfect 
knowledge  of  the  aircraft  dynamics.  The  control  system  is  based  on  that  previously  described,  using 
twelve  accelerometers  attached  to  the  floor  of  the  cabin;  ten  measuring  vertical  vibration  and  one  each 
for  cockpit  lateral  and  longitudinal  vibration.  The  consequences  of  using  a  much  reduced  set  of  accelero¬ 
meters  is  also  discussed. 

The  mathematical  model  used  for  this  study  is  a  NASTOAN  finite  element  model  which  has  been  validated 
against  the  aircraft.  The  rotor  head  absorber  is  not  included  in  these  simulations  of  the  ACSR  system. 

In  Figure  9  the  predicted  vibratory  response  at  blade  passing  frequency  at  six  of  the  twelve  monitoring 
positions  (with  and  without  the  ACSR  systan  working)  are  ccnpared  with  flight  measurements  on  the 
aircraft.  The  flight  measurements  were  obtained  with  the  absorber  fitted  to  the  aircraft;  flight 
measurements  without  the  absorber  agree  closely  with  the  predictions.  It  is  clear  form  Figure  9  that 
not  only  does  ACSR  produce  a  very  substantial  reduction  in  vibration,  tut  also  it  works  much  better  than 
the  dynamic  absorber.  The  results  for  the  other  six  locations  are  very  similar  to  those  shewn. 

It  might  be  thought  that  with  the  actuators  positioned  across  the  interface  between  the  gearbox  and 
fuselage  that  the  gearbox  vibration  would  be  increased  by  ACSR,  but  this  is  not  so.  The  vibration  at  all 
positions  on  the  main  gearbox  and  raft  is  also  reduced,  by  a  similar  magnitude  to  that  predicted  for  the 
cabin,  even  though  these  points  are  not  included  in  the  cost  function  of  airframe  vibration.  The  reason 
for  this  is  that  as  configured  on  the  Westland  30,  ACSR  is  not  an  isolation  system,  but  a  modal 
cancellation  system,  and  the  effect  has  been  to  greatly  reduce  the  response  of  the  complete  aircraft 
without  ACSR.  Indeed,  it  is  the  self-same  modes  which  the  rotor  head  absorber  attempts,  quite  successfully, 
to  control,  but  clearly  ACSR  is  superior  to  the  absorber. 

If  only  four  sensor  locations  are  used  to  control  the  active  system  then  with  four  actuators  the  vibration 
at  those  four  points  can  be  reduced  to  zero.  However,  the  levels  of  the  other,  ur.-monitored,  positions 
is  not  reduced  as  much.  This  result  is  sumarised  in  Figure  10  where  the  average  vibration  at  the 
twelve  monitor  peotions  without  ACSR  is  ccnpared  with  the  levels  predicted  for  twelve  and  four  position 
control.  The  slight  degradation  in  overall  performance  with  only  four  monitor  points  can  be  seen,  but 
the  chartge  is  slight.  For  the  flight  trials  of  ACSR  only  ten  locations  are  being  controlled,  since  other 
studies  have  shewn  this  to  be  adequate.  Overall,  ACSR  is  predicted  to  reduce  vibration  by  about  90%. 

The  forces  required  to  achieve  the  above  reducticn  in  vibration  are  shown  in  Figure  11  for  both  twelve 
and  four  point  monitoring.  The  significantly  lower  force  levels  required  with  the  higher  nimber  of 
itcritoring  positions  is  useful  with  regard  to  sizing  the  actuators  and  hydraulic  system. 

6.  COMPARISON  OF  ACSR  AMD  HHC 

It  is  instructive  to  ccrpare  the  active  control  of  structural  response  with  higher  harmonic  blade  pitch 
control,  and  in  this  respect  a  n inter  of  issues  are  important.  These  include  the  degree  of  vibration 
reduction,  effect  on  aircraft  performance,  airworthiness  issues,  installation  difficulties  and  general 
applicability. 

6.1  Vibration  Reduction 

The  performance  of  HHC  depends  to  sane  extent  upon  whether  the  actuators  are  mounted  in  the  fixed  frame 
(in  series  with  or  part  of  the  flight  control  systan,  below  the  sweshplate)  or  in  the  rotating  frame 
(as  part  of  the  rotor  or  hub).  For  a  four  bladed  semi-rigid  rotor  (similar  to  that  on  the  Westland  30 
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series  100)  studies  carried  out  at  ttestlands  have  shown  reductions  of  vibration  of  90%  with  fixed 
frame  actuation,  and  951  with  rotating  frame  actuation,  the  advantage  of  rotating  frame  actuation  on  a 
four  bladed  rotor  is  that  it  produces  2R  blade  pitch  motion. 

Since  the  predicted  vibration  reduction  of  ACSR  is  also  90%  it  would  appear  that  HHC  is  only  slightly 
better  than  ACSR,  and  then  only  if  rotating  frame  actuation  is  adopted.  The  predictions  of  vibration 
reduction  for  HHC  do  not  include  any  aerodynamic  constraints  cn  rotor  performance. 

6.2  Rotor  Performance 

The  study  of  HHC  has  shown  that  its  use  results  in  seme  increase  in  rotor  bending  moments  and  a  reduction 
in  blade  stall  margins.  Indeed,  at  Vne  the  stall  margin  is  zero,  consequently  any  HHC  inputs  would 
penetrate  stall,  and  significant  overblading  would  be  required  to  restore  the  stall  margins  necessary  to 
optimise  HHC.  The  HHC  inputs  also  increase  the  oscillatory  pitch  link  loads. 

ACSR  will  have  no  effect  on  rotor  stresses,  stall  margins  or  control  loads. 

6.3  Airworthiness 

By  its  very  nature  fixed  frame  HHC  will  have  seme  impact  on  the  primary  helicopter  flight  control  system. 
Any  failures  of  tho  HHC  system  must  still  allow  the  safe  operation  of  the  helicopter.  Individual  blade 
actuation,  by  tip  tabs  for  example,  would  overcome  seme  of  the  control  system  airworthienss  problems,  but 
introduce  others  (for  exanple  tab  flutter). 

Because  the  ACSR  system  consists  of  hydraulic  jacks  in  parallel  with  the  existing  elastomers,  minimal 
airworthiness  issues  are  involved. 

6.4  Installation  Difficulties 

Che  of  the  possible  problems  with  fixed  frame  HHC  actuation  is  the  lost  motion  between  the  jacks  and  the 
blade  torsional  displacement.  Tto  avoid  this  problem  considerable  redesign  of  the  controls  might  be 
required.  No  such  problems  should  be  encountered  with  ACSR. 

6.5  General  Applicability 

Clearly,  HHC  should  be  applicable  to  any  helicopter;  all  that  is  required  is  space  to  fit  the  actuators. 
ACSR  is  also  generally  applicable,  since  all  it  requires  is  points  on  the  aircraft  which  have  relative 
motion  at  blade  passing  frequency.  However,  finding  the  ideal  locations  will  not  necessarily  be  easy, 
unless  the  airfrane  already  incorporates  a  significant  area  of  flexibility,  as  is  the  case  on  the 
Vtestland  30. 

A  further  advantage  of  HHC  is  that  it  may  be  incorporated  as  part  of  a  general  ACT  system,  and  therefore 
the  weight  penalty  could  be  less  than  with  ACSR. 

Provided  the  predictions  for  ACSR  are  confirmed  by  the  flight  trials,  which  should  take  place  shortly, 
then  we  believe  that  overall  ASCR  has  more  advantages  than  HHC. 

7.  CONCLUSIONS 

the  technique  of  Active  Control  of  Structural  Response  has  been  shown  through  extnesive  research  studies 
to  have  significant  potential  for  helicopter  vibration  reduction.  Predictions  of  fuselage  vibratory 
response  are  far  superior  to  passive  systems  and  compare  favourably  to  other  active  techniques,  such 
as  Higher  Harmonic  Control.  Furthermore  ACSR  is  both  generally  applicable  to  any  structure  and  has 
minimal  associated  airworthiness  issues. 

Control  algorithms  for  the  implementation  of  ACSR  have  been  fully  developed  and  tested  on  a  flightworthy 
adaptive  controller. 

A  demonstrator  programme  is  now  underway  based  on  a  Westland  30  series  100  helicopter.  The  programme  of 
work  is  mature  and  it  is  expected  to  culminate  in  a  flight  evaluation  later  this  year.  A  two  phase  test 
programme  is  to  be  undertaken,  consisting  of  shake  tests  to  evaluate  system  operation  and  optimise 
algorithm  performance,  followed  by  a  limited  flight  test  programme. 
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FIGURE  1.  Active  Control  of  Structural  Response  Schematic 
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FIGURE  6.  Westland  30  Series  100  Raft  Construction  and  Location 
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FIGURE  9.  Westland  3^  Series  100  —  4R  Cabin  Vibration  with  ACSR 
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Summary 

Starting  with  the  description  of  the  different  design  principles  of  articulated, 
see-saw,  hingeless  and  bearingless  rotor  concepts,  a  variety  of  realised  construc¬ 
tions  is  presented  and  discussed. 

The  flight  mechanic  aspects  such  as  maneuverability  and  handling  qualities  of  these 
different  cor '-epta  are  explained  with  respect  to  their  operational  capabilities.  In 
particular,  differences  in  the  flapping  hinge  offset  are  discuBBed  which  have 
significant  in:  .  uence  on  helicopter  controllability.  The  trend  of  the  flapping 
hinge  offset  over  the  last  three  decades  of  armed  and  utility  helicopters  is 
analysed . 

Supplementary  to  this  the  improvements  in  maintainability  and  reliability  are 
discussed  by  the  increasing  simplification  of  the  recent  rotoi  hub  designs  obtained 
by  the  reduction  in  weight  and  the  lower  number  of  partB. 


1 .  Introduction 

Of  all  the  mechanical  components  of  a  helicopter,  the  main  rotor  head  is  one  of  the 
parts  most  exposed  to  stress,  caused  mainly  by  the  fact  that  it  has  to  undertake  so 
many  functions. 

The  main  function  of  a  rotor  head  is,  among  others,  to  transfer  thrust  and  rotor 
moments  to  the  fuselage.  The  high  moments  which  occur  at  the  blade  root  could  not 
be  controlled  on  the  first  rotors,  which  were  built  similar  to  propellers,  i.e. 
rigidly  attached  blades.  It  was  only  after  the  introduction  of  socalled  blade 
hinges  that  this  problem  coild  be  solved.  The  development  went  tharefore  from  the 
Bimple  to  the  complicated,  but  only  this  complicated  design  made  helicopter  flight 
in  the  past  possible.  Since  then,  this  type  of  construction  has  been  used  with 
great  suocess. 

It  was,  however,  the  desire  of  all  helicopter  designers  to  get  away  from  the 
complexity  of  rotor  heads,  as  they  were  the  cause  of  high  produotion  and  maintenan¬ 
ce  costs.  However  the  way  back  to  a  simple  construction  became  feasible  only  when 
the  blade  hinges  could  be  replaesd  by  flexible  elements  with  the  help  of  new 
materials  which  were  able  to  absorb  the  high  forces  by  means  of  elastio  deforma¬ 
tion.  3inoe  that  time,  a  number  of  different  rotor  head  oonetruotione  have  met  with 
greater  or  lesser  suqcsbb.  ' 

However,  with  growing  understanding  of  rotor  dynamics,  a  start  was  made  in  using  or 
designing  the  special  dynamic  characteristics  of  the  different  constructions  with 
respect  to  the  actual  mission  tasks.  In  the  following,  these  special  characteris¬ 
tics  and  their  effects  on  the  operational  capabilitiee  of  helicopters  are  explained 
in  more  detail.  In  the  flight  mechanics  area  these  factors  are  maneuverability  and 
flying  qualities,  in  the  maintenance  sector,  the  influence  on  maintainability  and 
reliability.  The  influence  on  vulnerability  is  also  shown  briefly. 


2.  Principal  Effects  of  Rotor  Heads  and  Actual  Typos  Produced 

In  order  to  be  able  to  show  the  influence  of  rotor  head  designs  on  the  operational 
capability  of  a  helicopter,  the  basic  structure  of  various  rotor  heads  should  be 
demonstrated  first.  Helioopter  rotors  are  usually  classified  according  to  the 
mechanical  arrangement  of  the  hub  or  the  attachment  of  the  blades  to  the  hub 
respectively. 

Due  to  the  unsymmetry  of  the  flow  through  the  rotor  during  forward  flight,  strong 
alternating  bending  loads  occur  at  the  blade  root  for  blades  rigidly  attached  to 
the  rotor  head.  This  problem  could  only  be  overcome  in  the  past  by  introducing  a 
horizontal  hinge  which  enables  the  blade  to  flap  up  and  down  freely  (called  flap¬ 
ping  hinge)  and  a  vertical  hinge  which  enables  the  blade  to  carry  out  movements  in 
the  plane  of  the  rotation  (called  lead-lag  or  drag  hinge).  Vith  the  feathering 
hinge  about  a  third  axis,  usually  parallel  to  the  blade  span,  to  enable  the  blade 
pitch  angle  to  be  changed,  the  blade  is  therefore  attached  with  three  hinges  to  the 
rotor  head.  This  leads  to  a  highly  complex  structure.  Such  a  rotor  head  iB  called 
fully  articulated  (see  fig.  1). 

As  an  example  of  the  practical  design  of  this  is  the  rotor  head  of  the  Sikorsky 
S-58  helicopter,  which  is  shown  in  figure  2.  As  can  be  seen  this  rotor  head  is  very 
complicated . 

A  first  simplification  can  be  seen  in  the  socalled  semi-rigid  blade  attachment  for 
two  bladed  rotors.  Here  the  two  blades  are  connected  rigidly  to  one  another,  but 
they  car.  flap  around  one  common  flapping  hinge  (half  gimbal  suspension),  i.e.  when 
the  one  rotor  blade  goes  upwards  the  other  goes  downwardB.  This  principle  is  called 
see-saw  rotor  or  teetering  rotor,  see  figure  1.  There  are  no  lead-lag  hinges  in 
this  design,  this  task  is  done  by  torsional  flexibility  of  the  drive  system  (rotor 
shaft)  or  in  other  designs  by  'underslinging'  the  rotor,  so  the  Coriolis  forces  can 
bo  greatly  reduced.  Theoretically  therefore  six  hinges  are  needed  in  this  system 
for  two  rotor  blades  to  constitute  a  fully  articulated  rotor.  This  number  is 
reduced  now  by  half.  This  type  of  rotor  is  used  mainly  by  Bell  and  Hiller.  As  an 
example  of  this  type  the  rotor  head  of  the  Bell  206  is  shown  in  figure  3- 

The  success  of  the  design  of  the  hinged  rotary  wing  haB  certainly  had  an  inhibiting 
effect  on  the  development  of  helicopters  and  of  the  aeromechanic  and  aerodynamic 
knowlege  of  the  helicopters  as  well.  The  hinged  rotary  wing  has  a  relatively  low 
blade  stress,  transfers  relatively  low  vibration,  haB  good  stability  and  control 
characteristics  and  is  relatively  insensitive  to  gusts.  These  good  characteristics 
connected  with  a  lack  of  deeper  knowledge  about  the  complicated  flow  conditions  at 
the  rotor  and  the  complicated  dynamics  of  this  explain  the  conservative  attitude  of 
the  successful  helicopter  firms.  For  decades  the  same  design  principles  were  ad¬ 
hered  to  and  new  models  were  developed  from  the  empirical  experience  gained  from 
earlier  models.  This  has  changed  in  the  laBt  two  or  three  decades  brought  forward 
above  all  by  the  general  dissatisfaction  of  the  helicopter  users  with  the  high 
maintenance  costa  caused  by  the  numerous  rotor  hub  bearings  which  are  placed  under 
enormous  stress  and  which  have  to  be  greased  and  to  be  protected  from  dust. 

Everywhere  the  rolling  or  Bliding  motion  is  avoided  if  at  all  possible  and  is 
replaced  by  flexibility.  This  has  led,  amongst  others,  to  a  hingeless  rotor. 

In  the  case  of  a  hingelesB  rotor  the  flapping  hinges  and  lead-lag  hinges  are 
removed.  Their  tasks  are  now  taken  over  by  the  elastic  deflection  of  a  component 
(fig.  1).  The  sooalled  hingelesB  rotor  concept  is  not  really  hingeless,  since  only 
the  conventional  flapping  and  lead-lag  hinges  are  dispensed  with,  but  not  the 
feathering  hinges  for  pitch  control.  Truly  hingeless  rotors  without  feathering 
hinges  are  called  bearlngless  rotors.  The  hingeless  rotor  principle  was  previously 
also  less  accurately  termed  rigid  or  semi-rigid,  although  it  is  in  fact  not  rigid 
but  flexible. 

This  design  was  made  possible  by  the  introduction  of  composite  materials  such  as 
fiber  glass  reinforced  plastic  (FOR)  which  haB  enough  fatigue  strength  given  corre¬ 
sponding  elasticity.  The  omission  of  the  hinges  leads  to  a  mechanical  simplifica¬ 
tion  and  to  a  better  aerodynamic  shape  of  the  rotor  head,  sinoe  the  rotorhead  drag 
represents  a  large  part  of  the  total  drag  of  the  helicopter.  Also  the  maintainabi¬ 
lity  is  significantly  bettor  as  now  the  feathering  hinge  is  the  only  rotating  bea¬ 
ring  present. 
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Lockheed  was  the  first  company  to  initiate  this  trend  and  to  oarry  out  successful 
tests  (first  flight  of  the  Lockheed  Cheyenne  was  In  September  1967,  see  fig.  4). 

The  individual  helicopter  companies  have  now  taken  this  step  baok  to  simplification 
in  a  variety  of  ways. 

Lookhaed  first  used  steel  then  titan  to  make  the  arum  of  the  rotor  hub  so  flexible 
that  they  could  allow  the  flapping  motion.  The  lag  motion  is  thereby  completely 
suppressed.  The  blade  pitoh  is  aohieved  by  socal led  door  hinges. 

ThlB  system  however  was  not  pursued  by  Lookhaed  any  further. 

BBlkow  (today  MBB)  was  then  the  aotual  pioneer,  with  Aerospatiale,  of  hlngeless 
rotors  by  the  introduction  of  rotorblades  manufactured  from  glass  fiber  ralnforoed 
plastic  (FRF)  material.  Here  the  'lapping  and  lagging  motions  are  possible  by  the 
deflection  of  the  blade  root,  whereas  the  rotorhub  itself  is  very  stiff.  The  blade 
pitch  occurs  by  a  needle  bearing  whereby  the  centrifugal  forces  from  the  socalled 
soft  torsion  bars  are  transferred  to  the  rotor  head  (first  flight  of  the  BO  106  was 
in  November  1967,  see  fig.  5). 

The  Westland  Company  has  so  shaped  the  arms  of  its  titan  rotorhead  that  the  inner 
part  withthe  elliptical  cross  section  allows  the  flapping  motion  by  bending  this 
part,  whereas  the  outer  arm  with  the  round  crimes  section  allows  the  lag  motion.  The 
blade  pitch  occurs  as  in  the  case  of  MBB  via  needle  bearings,  also  the  centrifugal 
forces  are  transferred  by  soft  flexible  straps  made  of  steel.  However,  this  rotor- 
head  requires  drag  dampers  (fig.  6,  first  flight  March  1971). 

These  are  the  only  two  hlngeless  rotors  which  are  currently  used  on  production 
helicopters,  namely  on  the  BO  1 05  and  BK  1 1 7  by  MBB  and  on  the  Lynx  and  W  30 
respectively  by  Westland. 

Other  manufacturers  followed  this  development  only  much  later  and  did  not  then  try 
to  produce  a  hlngeless  rotor  but  instead  have  tried  mainly  to  replaoe  the  meohani- 
cal  hinges  by  using  elastomeric  bearing  technology  and  have  therefore  remained  with 
the  principal  of  the  hinged  blades.  The  elastomeric  bearirgB  are  made  of  shaped 
layers  of  a  rubber-like  elastomeric  material,  bo  that  these  bearings  can  deflect  to 
allow  flapping,  lead-lag  and  feathering  motions.  They  are  also  used  to  absorb  the 
centrifugal  forces  ,  This  has  been  made  possible  because  the  flapping  and  lag 
motions  and  also  the  blade  pitch  change  of  the  rotor  blades  only  occur  in  a  relati¬ 
vely  small  angular  range. 

Considering  the  history  of  the  development  of  rotor  systems  with  elastomeric  bea¬ 
rings  two  different  ways  can  be  dicerned. 

There  was  on  the  one  hand  the  introduction  of  layered  elastomeric  bearings  where  an 
angular  motion  occured  by  shear  deformation  of  laminated  bearings  which  allow  all 
three  motions.  As  an  example  of  an  articulated  rotor  using  this  technology  the 
rotor  head  of  the  Sikorsky  UH-60  is  Bhown,  which  first  flew  in  1974  (see  fig.  7). 
Hera  all  three  mechanical  hinges  have  been  replaced  with  a  pair  Of  elastomeric 
bearings  which  allow  the  flapping,  lagging  and  torsion  motions  and  also  the  trans¬ 
fer  of  the  centrifugal  forces. 

On  the  other  hand,  special  shaping  of  the  inner  part  of  the  rotor  hub  so  that  the 
flapping  motion  is  possible  by  elastic  bending,  whereas  the  lag  motion  is  done  by 
laminated  bearings  constitutes  the  other  solution.  As  an  example  of  this  the  titan 
rotor  head  by  Bell  is  shown  (see  fig.  8)  for  the  model  412  (first  flight  1979).  The 
flexible  rotor  head  here  allows  the  flapping  motion  whereas  the  elastomeric  bea¬ 
ring!  take  on  the  lag  and  torsion  motion  and  the  lead  lag  damping. 

Rotor  design  by  the  former  HugheB  company  (now  Me  Donnel  Douglas  Helicopters)  back 
in  1963  went  its  own  way  with  its  rotor  head  of  the  modal  500  and  then  later  with 
the  rotor  head  of  the  AH-64.  Here  two  opposite  blades  of  the  four  bladed  rotor  are 
connected  to  the  elastic  straps  (made  of  steel)  whereby  blade  pitch  change,  flap¬ 
ping  and  lag  hinges  can  be  dispensed  with  (see  fig.  9). 

Aerospatiale  was  the  first  company  to  be  successful  in  replacing  the  metal  rotor 
head  by  fiber  reinforced  plastic  material  (?RP)  with  its  rotorsystem  Starflex  in 
the  year  1976  (see  fig.  10).  The  flexible  star  of  the  rotorhub  made  of  Composite  is 
designed  to  accommodate  the  flapping  movement.  The  blade  pitch  change  and  the 
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oentrifugal  foroea  art  taken  up  by  a  apharloal  elastomeric  bearing.  Elastomerics 
ara  alao  provided  for  drag  damping  (Haf.  1,  2). 

further  davalopaanta  in  thia  dlraotion  ara  the  Spherlflex  rotor  head  for  the  Super 
Puaa  (fig.  11,  Ref.  8),  the  rotor  head  of  the  Ru  101  (fig.  12)  and  the  rotor  head 
of  the  AHIF-progra*  of  the  Ball  company  (fig.  13,  Ref.  26). 

A  further  aimpl'ifloation  of  the  hingeleaa  oonatruotion  principle  ia  being  trirl  by 
MBB  in  the  Oerman/Freneh  Joint  project  PAH-2/HAP/HAC  whereby  the  very  atiff  rotor 
head  la  being  retained,  but  the  titan  hub  ia  replaoed  by  two  starahaped  plates  made 
of  fiber  composite  material.  The  oil  lubricated  bearings  for  the  blade  pitch  con¬ 
trol  are  replaced  here  by  elaatoaerlo  bearings  (fig.  14). 

Due  to  the  relatively  short  lifetime  and  the  high  coats  in  the  Initial  stages  of 
the  elastomeric  bearings  (thia  problea  has  however  today  been  solved  to  a  large  ex¬ 
tent),  the  trend  of  rotorhead  development  today  is  quite"  clearly  in  the  direction 
of  bearlngless  rotors.  A  glance  at  the  history  of  the  developaent  of  rotors  shows 
this  step  to  be  a  consistent  development  trend  from  fully  articulated  over  the 
hingeless  to  the  bearlngless  rotor.  Pig.  1  shows  the  basic  structure  for  this 
system,  the  full  replacement  of  mechanical  hearings,  hinges  and  dampers  leads  to  an 
even  greater  simplification. 

The  rotor  head  itself  consists  only  of  a  very  Bimple  hub.  In  addition  to  the  flap¬ 
ping  and  lead-lag  motion  also  the  torsional  motion  is  done  by  elastic  deflection  of 
e  Boft  torsion  element,  but  relatively  stiff  flapwiee  and  lagwise  (sb  shown  in  fig. 
1  ).  This  element  must  meet  high  requirements  like  low  rigidity  in  torsion,  but 
enough  strength  to  carry  the  centrifugal  forces  and  the  bending  loads  and  above  all 
be  designed  to  specific  stiffness  in  flapwise  and  chordwlse  direction.  Only  the 
development  of  composite  in  recent  years  has  provided  the  necessary  materials  for 
these  elements. 

A  disadvantage  of  this  bearlngless  design  is  the  relatively  long  transition  path 
for  a  torsional  moment  to  the  blade  root  to  establish  the  blade  collective  and 
cyclic  pitch  angle.  Thia  pitch  control  can  only  be  attached  outboard  of  the  flex 
beam.  Therefore  a  torque  structure  of  some  kind  is  required,  which  is  very  stiff  in 
torsional  direction  but  soft  in  bonding.  The  torque  structure  may  either  be  desig¬ 
ned  to  enclose  the  flex  beam  or  to  be  separate  from  it. 

Various  design  approaches  of  different  companies  have  been  eBtablishod.  They  differ 
in  cross  section  of  the  flexible  element  and  the  stiffness  of  this  element  and  in 
the  torque  structure  to  carry  the  torsion  loads. 

The  first  successful  bearlngless  rotor  systems  emerged  from  the  UTTAS  competition 
in  the  USA.  Both  Sikorsky  (Ref.  3)  and  Boeing  Vertol  (Ref.  4)  used  stiff  inplane 
(i.e.  blade  Inplane  frequency Wj-  is  above  one  per  rev.)  bearlngless  designs  for 
their  tail  rotors.  The  introduction  of  this  design  principle  for  tail  rotors  ap¬ 
peared  to  be  considerably  simpler  as  shown  on  many  similar  prototypes  e.g.  at  MBB 
(Ref.  5)  and  Hughes  (Ref.  6). 

The  feasibility  of  thia  construction  principle  of  main  rotors  was  proved  for  the 
first  time  by  Boeing  Vertol  with  their  Bearlngless  Main  Rotor  (BMR)  on  a  BO  105 
(Ref.  7).  This  rotor  represented  a  good  basis  for  future  development  in  this  area. 

A  problem  with  bearlngless  rotors  is  the  transfer  of  control  movements  to  the 
blades  as  mentioned  before.  Kith  the  BO  105/BMR  which  undertook  its  first  flight  in 
1978,  this  was  done  by  using  a  torque  tube  (fig.  15)  that  does  not  enclose  the  flex 
beam.  Other  manufacturers  have  solved  this  with  a  socalled  pitch  cuff  that  encloses 
the  flex  beam. 

Whilst  Boeing  Vertol  developed  the  BMR,  Aerospatiale  worked  on  its  version  ol  the 
BMR,  the  socalled  Triflex.  The  hub  consists  of  a  number  of  fiber  glass/epoxy  resin 
rovings  which  are  embedded  in  a  matrix  made  of  elastomer  material  and  which  forms  a 
flexible  arm.  The  drag  damping  of  this  system  was  however  so  low  that  the  system 
was  not  pursued  any  further  (fig,  16,  Ref.  9). 

The  bearlngless  Bell  680  main  rotor  (fig.  17)  flew  for  the  first  time  in  May  1982. 
It  consists  of  a  single  fiberglass  structure  which  forms  the  flexible  arms  for  all 
four  blades.  The  blade  pitch  control  is  transferred  by  a  pitch  cuff  which  surrounds 
the  flexible  arms.  The  part  of  the  cuff  on  the  side  of  the  rotor  head  is  attached 
by  an  elastomeric  bearing  and  connected  to  a  drag  damper  (Ref.  10). 


HBB  flaw  Its  first  experimental  BUR  in  1984.  The  way  It  worked  was  similar  to  that 
of  tha  BUR  by  Boeing  Vartol  with  a  T-shapad  flex  bsaa  and  a  control  torque  tube 
beside  the  flex  beam.  The  second  BMR  version  with  a  pitch  ouff  flew  for  the  first 
tlae  In  1  986.  A  lead-lag  daaper  between  the  cuff  and  the  blade  root  Is  Installed  to 
avoid  Instabilities  In  flight  and  on  the  ground  (fig.  18,  Ref.  11). 

The  Hughe:'.  company  has  also  developed  a  bearingless  rotor  (HARP).  It  flew  for  the 
flret  time  In  April  1965  (fig.  19).  It  consists  of  four  single  flexible  arms  which 
are  aade  of  Kevlar.  Here  the  cross  section  of  the  flex  bsaa  is  X-ahaped.  A  cuff  1b 
used  for  pitch  oontrol.  The  ouff  attachaent  and  the  dragdaaper  are  slallar  to  those 
of  the  Bell  680  rotor  (Ref.  12). 

Sikorsky's  project  for  a  bearingless  main  rotor  is  the  sooalled  Dynaflex,  which, 
however,  has  yet  to  be  built  and  flown.  The  rotor  hub  (fig.  20)  has  an  elastoneric 
connection  with  the  rotorshaft  which  corresponds  to  a  global  hinge  which  permlto 
the  flapping  aotlon  and,  by  preventing  the  Coriolis  forces,  prevents  the  lead-lag 
motion.  The  torque  transmission  and  xhe  flapping  spring  are  obtained  by  means  of  a 
rotor  head  surrounding  membrane  in  composite  material.  This  rotor  concept  has 
therefore  the  lowest  aerodynamic  hub  drag  of  all  BMR  designs  up  to  date.  A  central 
torque  tube  Is  provided  for  pitch  control  similar  to  that  of  the  BMR  of  Boeing 
Vertol  (Ref.  15). 

All  bearingless  rotor  designs  flown  up  to  now  were  designed  for  light  helicopters 
of  an  all-up  weight  up  to  4  metric  tons.  For  larger  helicopters  this  design  princi¬ 
ple  has  not  been  realised  yet. 


3.  Principle  Differences  of  the  Various  Rotor  Head  Systems  with  Reference  to  Control¬ 
lability  and  Flying  Qualities 

In  this  section  I  want  to  treat  the  npeolal  flight  mechanical  characteristics  which 
these  various  rotor  systems  have.  The  dynamic  behaviour  of  a  helicopter  depends  to 
a  large  extent  on  the  moment  that  is  transferred  from  the  blades  to  the  rotor  hub 
and  to  the  fuselage.  There  are  fundamental  differences  here  between  the  various 
rotor  systems  and  these  are  dependent  on  the  flapping  hinge  offset.  Fig.  21  Bhows 
qualitatively  the  moment  characteristics  (first  harmonic)  of  a  see-saw  rotor,  an 
articulated  and  a  hingeless  rotor.  If  the  aerodynamic  lift  of  the  blade  is  the  same 
fcr  the  various  rotors,  the  eame  lift  Is  produced  at  the  centre  of  the  rotor  head. 
But  for  the  moments  there  is  a  significant  difference  at  the  blade  root  and  at  tho 
head.  A  hinge  cannot  transfer  moments,  so  there  is  no  moment  In  a  see-saw  rotor 
head  because  of  the  central  flapping  hinge  on  the  rotor  head.  Articulated  rotors 
have  in  general  a  small  flapping  hinge  offset  whereby  only  small  moments  can  bo 
transferred  as  a  result  of  the  short  moment  arm.  Hingeless  rotors  have  a  special 
area  of  high  elasticity  either  in  the  blade  or  in  the  head  itself  with  relatively 
low  moments  which  can  also  be  described  as  equivalent  flapping  hinge.  The  offset  of 
this  equivalent  flapping  hinge  dependB  on  the  stiffness  of  the  flexible  element. 
Usually  t-hlc  'hinge'  is  further  away  from  the  rotor  centre  and  can  therefore 
transfer  larger  moments  because  of  the  lunger  moment  arm. 

Hingeleee  rotor  systems  and  bearingless  rotor  systems  are  best  characterised  by  the 
fundamental  flap  (ojf,)  and  load-lag  (<oj-  )  natural  frequencies  of  the  blades  at 
nominal  rotor  Bpead  (O).  The  see-saw  rotor  type  with  its  central  hinge  (without 
spring  restraints)  would  have  a  natural  flap  frequency  wjj  equal  to  1X2  .  Articulated 
rotorsystems  with  flapping  hinge  offset  usually  have  a  flap  frequenoy  greater  1X2 
to  shout  1 .040 . 

For  hingeless  and  bearingless  main  rotor  configuration  the  range  of  the  fundamental 
flap  bonding  frequency lies  between  1 .05X2  and  1.150.  From  this  fundamental  flap 
bending  mode  an  equivalent  flapping  hinge  offset  can  also  be  derived. 

The  control  of  a  helloopter  occurs  mainly  by  the  tilting  of  the  thrust  vector  and 
the  moment  which  ie  produced  at  the  rotor  head.  From  that  it  follows  that  in  the 
case  of  the  see-saw  rotor  the  control  only  occurs  through  the  tilting  of  the  thrust 
vector  which  only  permits  a  restricted  control  moment.  Bell  tried  to  ovorcome  this 
problem  on  some  of  their  tyyeii  by  Incorporating  a  spring  in  the  teeter  hinge. 

The  artloulated  rotor  has  Increased  control  moment  oapaolty  according  to  the  flap- 
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ping  hinge  offset,  whereas  the  hlngelees  rotor  has  greatest  control  power  due  to 
its  relatively  large  flapping  hinge  offset,  whereby  by  far  the  greatest  proportion 
is  allots!  to  the  moment  at  the  rotor  head.  In  figure  22  this  situation  is  presen¬ 
ted  sohssatloally. 

The  direct  consequence  is  a  reduotion  of  the  helicopter  tine  constant.  This  time 
oonstant  is  defined  as  the  tiao  whioh  is  needed  to  achieve  63 of  the  stationary 
angular  velocity  at  a  defined  control  input.  The  tine  oonstant  le  shown  in  figure 
23  and  24  as  a  parameter  for  pitching  and  rolling  with  various  flapping  hinge 
offsets.  As  oan  be  seen  the  oontrol  of  a  helioopter  with  increasing  flapping  hinge 
offset  beooaes  sore  powerful,  quicker  and  more  direct,  that  meane  it  achieves 
higher  oontrol  response  characteristics. 

It  should  be  mentioned  that  the  achievable  steady-state  angular  rate  1b  indepen¬ 
dent  of  the  flapping  hinge  offset  (the  flapping  hinge  offset  influences  the  tran¬ 
sient  phase  only). 

These  oharaoteristics  however  make  the  rotor  with  large  flapping  hinge  offsets  sIbo 
sensitive  to  disturbances  from  outside  suoh  as  for  Instance  guata  which  can  be 
considered  as  oontrol  Inputs. 

The  oontrol  sensitivity  of  a  system  depends  however  also  on  the  rotor  damping.  By 
this  is  meant  the  Increasing  damping  moment  during  the  pitch  or  roll  motion  that 
the  motion  reacts  against  and  which  leads  to  a  steady-state  angular  rate  at  a 
specified  unitary  stick  deflection. 

To  judge  the  control  oharaoteristics  the  control  and  damping  moments  at  the  rotor 
have  to  be  set  in  conjunction  with  the  moments  of  Inertia  of  the  helicopter.  The 
well  known  controllability  diagram  (fig  25)  relates  the  control  sensitivity  and  the 
time  behaviour  of  a  rotor  to  one  (mother. 

This  picture  shows  the  damping  moment  versuB  the  control  moment  produced  per  unit 
stlok  deflection  for  the  pitching  direction.  Both  values  refer  to  the  moment  of 
inertia  around  the  pitch  axis.  For  a  favourable  assessment  of  the  control  characte¬ 
ristics  of  a  helicopter  these  values  must  be  in  a  particular  relationship  to  one 
another.  Along  the  straight  lines  through  the  origin  there  is  equal  control  sensi¬ 
bility  i.e.  equal  angular  velocity  -in  this  case  pitch  velocity-  per  unit  stick 
deflection.  In  this  illustration  recommendations  or  requirements  respectively  are 
inoluded  (Ref.  14,  15,  27,  28).  The  range  of  them  is  established  by  certain 
minimum  and  maximum  pitoh  speeds  for  a  unit  stick  defleotlon  and  downwards  by  a 
minimum  damping.  As  the  oontrol  sensitivity  can  be  changed  by  the  selection  of  the 
control  ratio  in  a  certain  area,  the  non  influencable  value  of  the  rotor  damping 
represents  the  decisive  value  for  position  in  the  diagram.  Here  the  typical  areas 
for  the  different  rotor  systems  are  included.  Tor  the  roll  axis  there  is  a  similar 
correlation. 

The  damping  and  the  control  acceleration  depend  generally  on  the  Lock  number  -  that 
is  the  number  whioh  represents  the  ratio  of  the  aerodynamic  to  the  inertial  forces 
of  a  rotor  blade  -  and  the  flapping  hinge  offset.  In  comparison  to  the  hlngelees 
rotor  system  helicopters  with  artioulated  or  see-saw  rotors  have  considerably  less 
oontrol  response  characteristics  as  a  result  of  the  high  time  constant. 

The  oontrol  power  of  the  various  systems  -  on  the  one  hand  through  the  thrust 
veotor  tilt  only  and  on  the  other  through  the  thrust  vector  tilt  and  rotormoment  - 
have  decisive  lnfluenoe  on  the  flight  conditions  with  thrust  off  loading,  that  is  a 
flight  condition  in  which  the  load  factor  is  smaller  than  one  or  even  oloee  to 
sero.  These  flight  conditions  occur  for  Instance  when  overflying  obstacles  which 
appear  suddenly  during  terrain  following  flight  (HOE).  Figure  26  shows  the  depen¬ 
dence  of  the  oontrol  moment  on  the  load  factor  for  the  three  rotor  systems.  Whereas 
the  controllability  of  the  systems  with  high  flapping  hinge  offset  basically  re¬ 
mains  the  same,  the  eee-sav  rotor  shows  a  percentual  decline  in  its  controllability 
at  n  less  than  1  and  leads  finally  at  n  ■  0  to  inoontrollability. 

As  mentioned  briefly  above  adverse  effects  also  go  along  with  increasing  rotor  head 
moments  suoh  as  higher  vibratlone  and  gust  sensitivity  and  higher  angle  of  attack 
instability. 

To  look  at  other  flight  meohanio  aspeots  suoh  as  nigh  speed  flight  instability 
phenomena  or  effeots  of  different  couplings  which  oan  mainly  be  influenced  on 
hingeless  and  bearingless  rotors  and  other  aeroelastlc  problems  would  be  to  go 
beyond  the  limits  of  this  leoture. 
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However  It  can  be  said  quite  generally  that  special  mission  tasks  can  be  more  or 
less  well  solved  with  the  different  rotor  systems.  The  idea  of  optimising  a  system 
for  Its  specific  mission  tasks  suggests  itself.  A  rotor  design  of  course  depends  on 
many  things  which  have  to  be  coordinated  to  an  optimum  degree  for  one  another  but 
one  oan  say  that  perhaps  combat  helicopters  or  scout  helicopters  should  be  equipped 
with  a  rotor  system  which  fulfils  the  special  tasks  of  these  helicopters  well  buoU 
sb  for  instance  nap  of  the  earth  (NOG)  flying  which  presupposes  high  maneuve¬ 
rability.  On  the  other  hand  this  high  maneuverability  is  not  so  decisive  in  the 
oase  of  -for  instance-  transport  helicopters  for  them  with  regard  to  their  partiou- 
'  ar  mission. 

The  history  of  rotor  development  shows  that  the  individual  helicopter  manufacturers 
have  developed  their  own  philosophies  with  reference  tc  rotor  systems  and  to  their 
design.  Manufacturers  >f  stiff  rotors,  which  are  therefore  those  with  relatively 
large  flapping  hinge  offsets  (l.e.  hingeless  rotors),  have  the  view  that  this 
method  of  design  is  beat  adapted  to  future  combat  helicopters.  However,  as  has  been 
ahown  this  method  of  construction  contains  characteristics  through  higher  vibration 
and  gust  sensitivity  which  are  not  desirable  for  those  helicopters  which  are  de¬ 
ployed  as  weapon  platforms.  Therefore  in  recent  times  the  greatest  efforts  have 
been  made  to  avoid  these  problems  by  active  end  passive  vibration  isolation  sys¬ 
tems.  All  together,  however,  one  is  in  a  dilemma  as  to  these  two  dem  ids  on  a 
combat  helicopter  -  mainly  on  the  one  hand  the  greatest  possible  agility  achieved 
by  high  excess  power  and  high  control  response  characteristics  or  maneuverability 
and  on  the  other  hand  low  vibration  and  low  gust  sensitivity  -  presuppose  complete¬ 
ly  contrary  design  principles.  Other  manufacturers  of  'softer'  rotors  (l.e.  articu¬ 
lated  rotors)  also  believe  that  this  design  is  well  adapted  to  the  requirements  of 
combat  helicopters  through  better  vibration  characteristics  and  lesB  sensitivity  to 
disturbances  from  outside. 

Only  the  hingeless  and  the  bearingless  rotor  concepts  are  very  sensitive  to  small 
parameter  variations,  but  on  the  other  hand  these  rotor  concepts  can  be  designed 
through  proper  aeroelastlc  couplings  to  suit  these  requirements  (Ref.  25)  extremely 
well. 

Figure  27  shows  the  temporal  development  of  rotor  rigidity  of  armed  helicopters 
expressed  by  means  of  the  flapping  binge  offset.  Although  it  1b  difficult  to 
establish  a  trend,  it  can  be  stated  that  the  future  development  will  probably 
settle  at  a  flapping  hinge  offset  of  r.bout  1%  to  8£  which  corresponds  to  c.  blade 
flap  bending  frequency  of  about  1. 06.fi.  Therefore  in  thiB  type  of  helicopter  the 
see-saw  rotor  will  no  longer  be  used.  Future  helicopters  in  this  weight  class  have 
therefore  a  well  tuned  and  aeroelastical ly  balanced  bearingloss  rotor  with  an 
equivalent  flapping  hinge  offset  of  about  1%  or  8%. 

In  the  tranaport  helicopter  Claes  in  which  a  bearingless  design  has  not  yet  been 
realised,  future  developments  will  still  have  articulated  rotor  designs  but  with 
extensive  use  of  laminated  bearings.  The  trend  in  the  development  of  rotor  rigidity 
for  these  helicopters  is  shown  in  figure  28.  Hem  the  developments  will  probably 
remain  more  conservative  as  no  high  maneuverability  is  demanded  for  such  systems. 
The  priorities  of  the  development  will  be  aimed  in  other  directions  such  as  tor 
example  transport  performance  but  also  passenger  and  crew  comfort.  Here  in  future  a 
flapping  hinge  offset  of  4#  to  5$  will  be  the  norm.  This  is  also  influenced  by  the 
difficulty  of  achieving  such  a  'soft'  rotor  with  the  bearingless  design. 


4.  Influence  of  the  Different  Rotor  Systems  on  Weight,  Maintenance  and  Reliability 

In  addition  to  the  design  of  the  rigidity  of  the  rotor,  a  further  factor  lies  in 
the  actual  construction  which  determines  the  number  of  parte  and  the  maintainabili¬ 
ty  with  all  its  consequences  and  this  is  of  significance  for  the  operational  capa¬ 
bilities  of  a  helicopter.  Ae  mentioned  before,  it  was  both  the  expensive  main¬ 
tenance  and  repair  actions  on  the  rotor  head  as  well  as  the  increased  military 
requirements  against  vulnerability  which  were  the  driving  forces  for  modern  deve¬ 
lopments.  Fully  articulated  rotor  systems  which  were  until  now  still  very  wide¬ 
spread  had  many  greaBe  points  and  were,  due  to  the  many  parrs  made  of  steel,  very 
heavy.  The  trend  for  future  rotors  can  be  seen  in  the  next  figure  (29).  The  propor¬ 
tion  of  the  rotor  head  mass  was  in  the  articulatea  rotor  of  the  older  generation 


between  6)f  and  If  of  the  maximum  taka  off  mats,  which  vae  reduced  In  tha  1970'a  to 
about  'if  to  Af  by  tha  Introduction  of  tha  alaatoaarlo  bearings.  Saa-aaw  rotora  wara 
naturally  lighter  (baoauaa  of  only  two  bladsa),  but  thay  still  had  a  relatively 
high  proportion  of  the  maximum  taka  off  aaaa  of  about  if.  The  Introduction  of 
hingelese  rotors  brought  a  reduction  of  the  rotor  head  Basses  by  the  oalsslon  of 
tha  flapping  and  drag  hinges,  this  oan  naan  for  future  bearingless  rotors  a  percen¬ 
tage  of  2 f  or  less. 

In  addition  to  tha  payload  increase  there  is  tha  decisive  advantage  for  future 
rotor  developnents  In  the  service  and  maintenance  notions  which  are  directly  pro¬ 
portional  to  the  construction  conoapt  and  oonnented  with  a  reduction  of  the  air¬ 
craft  support  costs. 

A  large  part  of  the  maintenance  of  helicopters  is  devoted  to  the  two  rotors  (the 
main  and  the  tail  rotor)  and  the  rotor  blades. 

By  the  introduction  of  fiber  reinforced  plastlo  (PRP)  rotor  blades  by  MBB  the  first 
important  steps  were  taken  with  relation  to  reduction  in  maintenance  costs,  life 
time  and  vulnerability,  Tha  praotically  world  wide  application  of  this  material  has 
proved  the  outstanding  characteristics  of  fiber  glass  above  all  the  inherent  fail¬ 
safe  behaviour,  the  very  good  resistance  to  fatigue  and  the  complete  insensitivity 
to  notoh  and  corrosion  effeota. 

The  major  progress  made  in  blade  aerodynamlos  can  be  mentioned  here  only  in  pas¬ 
sing.  Complex  blade  forms,  variable  profiles  over  the  blade  length  and  twist  and 
new  blade  shapes  can  only  be  made  with  the  help  of  composite  material  without 
increasing  the  manufacturing  costs  (Ref.  19,  20,  21,  22,  23,  24). 

Special  tests  have  also  proved  that  the  composite  rotor  blades  and  also  of  course 
composite  rotor  heads  are  distinguished  by  very  high  survivability  in  a  combat 
surrounding  (see  fig.  30  from  Ref.  17).  Today  there  1b  practically  no  helicopter 
manufacturer  in  the  western  world  who  does  not  at  least  for  its  future  helicopter 
wish  to  use  PRP,  for  the  rotor  blades. 

The  reduction  in  the  number  of  bearings  from  an  articulated  rotor  to  a  hingeless 
rotor  brought  a  reduction  of  maintenance  efforts  -if  the  two  systems  are  compared- 
of  a  factor  of  3.  This  is  also  because  the  hingeless  rotor  has  up  to  65J<  fewer 
parts. 

These  points  are  notioable  in  the  availability  but  very  partlculary  in  the  field 
maintenance.  The  logistic  requirements  are  therefore  considerably  reduced. 

But  the  high  requirements  of  the  military  from  scheduled  maintenance  to  'on  condi¬ 
tion'  maintenance  could  only  be  achieved  firBt  with  the  introduction  of  the  elasto¬ 
meric  bearings  which  do  not  have  to  bo  lubricated.  The  relatively  short  life  time 
of  these  elastomeric  parts  in  the  beginning  have  now  reached  a  high  technical 
standard  (life  time  ca.  2500  hours).  The  successful  use  of  PRP  rotor  blades  has  in 
the  course  of  development  of  new  rotor  head  constructions  led  to  the  fact  that  this 
material  is  also  used  for  rotor  heads,  whereby  the  number  of  parts  has  again  been 
considerably  reduced  (Ref.  1,  18). 

Future  bearingless  rotor  heads  will  have  a  parts  oounts  of  20f  as  compared  to  fully 
articulated  rotors  due  to  the  complete  absence  of  bearings  (see  fig.  29).  The 
availability  -  expressed  in  meantime  between  failure  (MTBP)  and  mean  time  between 
removal  (MTBR)  -  and  the  maintainability  -  expressed  in  mean  manhours  per  flight 
hours  (MMH/FH)  and  mean  time  to  repair  (MTTR)  -  will  improve  significantly  (Ref. 
16).  The  use  of  PRP  for  future  bearingless  rotor  heads  and  rotor  blades  will 
further  reduce  the  vulnerability,  thus  an  important  military  requirement  will  then 
be  fulfilled.  This  again  directly  influences  the  performance  of  military  helicop¬ 
ters  in  the  fulfilling  of  their  mission. 

In  contrast  to  the  dynamic  design  of  the  rotor  with  different  rigidities  the 
requirements  on  the  rotor  construction  -  l.e.  low  weight,  low  number  of  parts,  high 
lifetime,  easy  maintainability,  etc.  -  both  for  civil  and  for  military  users  are 
basioally  the  same  as  they  lead  to  Increased  performance,  lower  procurement  costs 
and  lower  service  cost.  Per  the  military  side  the  high  demands  on  survivability  are 
added. 


5-  Conclusion 


The  different  needs  of  the  individual  uaere  of  helicopters  and  reaaona  which  were 
dealt  in  chapter  2  have  in  the  past  prcduoed  a  large  number  of  rotor  head  oonfigu- 
ratlone.  The  aie  now  ehould  he  to  have  a  aingla  ideal  rotor  oonoept  whloh  eatiefiee 
all  deaanda.  Thie  dream  of  helioopter  engineere  will  -ae  we  have  aeen  above-  not  he 
fulfilled  ae  differing  philoeophiee  and  different  operational  neede  will  not  permit 
thie. 

The  ohjeotlve  in  the  development  of  future  modern  rotor  ayateae  with  regard  to  the 
dynamic  deeign  for  the  epeoifio  military  employment  will  ae  before  he  directed  at 

-  high  maneuverability 

-  uncrltloal  etability  behaviour 

-  low  vibration  generation 

|  Thie  will  lead  to  a  design  where  the  equivalent  flapping  hinge  offset  will  settle 

at  about  70.  This  presents  a  good  compromise  between  high  maneuverability  and  not 
too  high  gust  sensitivity. 

The  general  objective  in  the  development  of  modern  rotor  systems  and  its  Influence 
on  the  operational  capability  oan  be  summarised  as  follows 

J 

I 

-  reduction  of  the  weight  by  the  omission  of  conventional  bearings  and  hinges 

i 

-  increase  in  lifetime  by  the  omission  of  high  maintenance  and  mechanical  elements 
subject  to  intensive  wear 

-  increase  of  safety  by  simple  construction  reducing  the  number  of  parts  and  the 
uBe  of  fail  safe  characteristics  of  composite  materials 

-  reduction  of  the  maintenance  efforts  by  maintenance  free  bearings  and  hinges 

-  reduction  of  manufacturing  and  operating  cost  by  simple  construction,  a  low 
number  of  parts  and  'on  condition'  maintenance  and  unlimited  lifetime  of  essen¬ 
tial  components. 


These  high  technological  goals  present  a  challenge  for  all  rotor  head  constructors 
for  the  next  decade. 

First  steps  in  this  direction  have  been  taken,  but  it  Btill  requires  great  techni¬ 
cal  efforts  and  a  high  financial  Investment  of  all  helicopter  manufacturers  to  do 
justice  to  all  the  demands.  Bearingless  rotors  perhaps  present  the  best  assumption 
for  this. 
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Fie.:  1  PRINCIPLE  OF  DIFFERENT  ROTOE  SYSTEMS 


FIG.:  2  ROTOR  HEAD  OF  SIKORSKY  S-50 
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FI©.:  6  ROTOR  HEAD  OF  WEBTLAKJD  LYNX 


FIG  ;  7  ROTOR  HEAD  OF  SIKORSKY  UH-60A 


FIG. ;  8  TITAN  ROTOR  HEAD  OF  BELL  412 


FIG  ;  13  ROTOR  HEAD  OF  BELL  OH-58D(AHIP) 


FIG. :  1.3  BEARIKJGL.ESS  ROTOR  MEAD  OF  HUGHES  HARP 
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FI©.:  22  CONTROL  POWER  VERSOS  FLAPPING 
HINGE  OFFSET 


normalized 

PITCH  VELOCITY 


FIG. :  23  TIME  HISTORY  FOLLOWING  A  PITCH  CONTROL 
STEP  INPUT 


normalized 

ROLL  VELOCITY 
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FIG. :  24  TIME  HISTORY  FOLLOWING  A  ROLL  CONTROL 


STEP  INPUT 
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NEW  AERODYNAMIC  DESIGN  OF  THE  FENESTRON  FOR  IMPROVED  PERFORMANCE 

A.  VUILLET  &  F.  MORELLI 

AEROSPATIALE  HELICOPTER  DIVISION 
13725  Marignane-France 
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Mrospattoi •  PANTHER  prototype  mquipptd  with  th #  f*n*stron 


•Inoe  th*  first  Gasolle  filQht  In  INI.  Aeroapatla:*  hat  developed  tha  fanaatron  at  an  aitamata  solution 
to  the  oonvantlonal  tall  rotor  for  light  op  aNIua  helicopters  weighing  last  than  6  tons.  Thla  oonoapt  hat 
widely  evidenced  Ita  advantagat  on  about  1100  Oatalla  and  tw  Dauphin  ha  mood  ter  a  equipped  with  thla  fanaatron 
and  totalising  aor*  than  t  all  Mon  flight  hours,  without  any  aajor  accident.  Tha  papar  flrat  raoalla  th* 
general  definition  of  tha  fonaatron  and  Tta  advantagaa  for  civil  or  allltary  applications. 

Recant  research  hat  thown  now  opportunl  tlaa  for  lap  roving  tha  s^rodynaalo  efficiency  of  thla  fonaatron.  A 
dotal  lad  airflow  analyala  through  tha  fanaatron  hat  reotnvly  boon  achlavad  with  extensive  nodal  and  full  teal# 
testa  on  tha  tall  rotor  banoh  In  hovar.  Tha  raaaaroh  prog ran  waa  apontorad  by  tha  F ranch  Oovarnnant  Agencies 
OhET  and  STM.  Thla  papar  aurvaya  tha  experimental  technique  and  tha  flow  measurements.  It  alao  praaanta  tha 
correlations  that  hava  baan  aado  with  blada  a  lament  theory  aa  wall  *i  a  aora  advanoad  analyala  davaiopad  by 
NCTftAFLU  and  darlvad  fron  a  radial  equilibrium  coda  in  uaa  far  compressors. 


Tha  taata  hava  authorised  aora  thorough  flow  _ _ _  _  _  _  __ _ _ _ 

rooupa rating  the  rotational  energy.  Thla  hat  lad  to  dealgn  atator  blades  located  behind  the  rotor.  Inalde  the 
diffuser.  Teeta  of  thla  devloo  have  sham  large  Improvements  In  tha  fanaatron1  a  figure  of  narlt  and  aaxlaun 
thruat.  for  a  given  rotor  blade  aolldity.  furthermore.  lap  roving  the  diffuser's  performance,  the  atetor  blade* 
pervit  reduo l ng  the  dlffuaer'a  length  and  thua  the  ftneetron't  width  with  dreg  aavlnge  aa  a  final  reault. 
•pec  i  float  Iona  ware  drown  up  for  ONtftA  to  doalgn  a  aot  of  apaolaliy  adapted,  high  ooaberad  alrfolla  in  vlow  to 


fnvoatigatlona  which  hava  ahown  potantlal  banaflta 


further  Inoraaaa  tha  eaKleum  thruat. 


Taata  of  the  fanaatron  equipped  with  atator  blades  and  now  aaotlona  are  praaantad  and  their  Influence  on 
fanaatron  siting  It  dlaouaaed. 

Thaaa  varloua  reaulta  will  furthar  anhanoa  tha  fanaatron  performance  whloh  hat  already  proven  quite 
advantageous  oooperod  to  the  conventional  tall  rotor  for  aovorel  doelaive  points  such  a a  safety,  reliability# 
performance  end  eoat  for  elvll  applications  aa  wall  aa  doteotabl l Ity  and  vulnerability  for  amury  applica¬ 
tions. 
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1.0  INTRODUCTION 


The  qualities  requested  for  prescn-  and  future 
helicopters  frai  on  operator  view  point,  ar« 
essentially: 


•  bottar  offieiancy 


•  laprovad  aacurity  and  reliability 


•  excellent  coat  affactivanaaa 


The  civil  operator  will  normally  be  vail  satisfied  if 
the  Manufacturer  could  prove  that  hie  helicopter  it 
indeed  outstanding  on  the  above  qualities.  At  tue 
utmost,  he  may  also  rsqueat  a  hi*h  level  of 
availability,  but  this  fourth  request  is  sx>re  or  less 
embedded  in  the  previous  three. 

The  military  operators  have  their  own  special 
requests  depending  on  the  type  of  alias  ions  that  they 
have  to  fulfill  and  so  they  have  to  accept  various  ty¬ 
pe:  of  trade-off.  They  will  at  least  request  lew 
vulnerability  and  good  crashworthiness  behaviour. 

In  this  general  context,  one  can  ask  if  it  it  worth 
spending  time  and  noney  to  try  to  develop  batter  tail 
rotors . 


A  brief  set  of  data  can  easily  illustrate  that  the 
answer  la  yes: 

a)  The  number  of  helicoptera  crashed  due  to  failed 
or  impacted  tall  rotors  is  about  0.15  per  10,000  hrt 
of  flight  in  the  accident  log  book,  as  compared  tu  a 
registered  overall  number  of  accideut  of  0.71  per 
10,000  hra  of  flight. 

b)  Tail  rotor  noise  can  represent  a  significant 
part  of  the  helicopter  acoustic  signature  at  least  in 
one  flight  path  of  the  ICAO  procedures  retained  for 
noise  certification:  the  take-off  (see  ref.[l]). 
Furthermore  on  an  acoustic  detectability  standpoint, 
conventional  tail  rotors  with  high  acoustic  energy 
content  at  low  frequencies,  can  be  the  dominant  noise 
source  at  large  distances. 

c)  Tail  rotors  of  improved  design  can  on  a  given 
aircraft  reduce  the  power  needed  for  maximum  tail 
rotor  thrust,  improve  the  maximum  thrust  capability 
and  reduce  the  component  weight  to  thrust  ratio.  When 
no  other  constraints  are  encountered  (available 
power,  gear  box  limitation,  structural  strength  of 
the  helicopter),  tail  rotor  improvement  can  allow  for 
an  increase  of  the  helicopter  payload  or  of  the 
helicopter  flight  envelope. 


Aerospatiale  has  studied  several  tail  rotors  on 
various  helicoptera,  ref. [2),  and  has  developed  an 
original  tail  rotor  concept  the  "fenestron  •  to 
overcome  the  major  drawbacks  of  conventional  tail 
rotors . 

On  the  fenestron,  the  rotor  is  housed  in  a  shroud 
which  protects  it  naturally  against  most  of  the 
agressions,  reduces  the  radiated  noise  and  provldss 
several  advantages  in  operation  which  will  be  quickly 
recalled.  This  paper  will  then  concentrate  on  the 
fenestron  aerodynamic  development  in  hover,  for  which 
recent  research  has  given  new  opportunities  for 
improving  its  performance. 


ROTOR  COLLECTOR 


Fig- f-  AS  245  M  PANTHER  ftmstron 


2.0  GENERAL  DESIGN  AND  TECHNOLOGY  EVOLU¬ 
TIONS 


FIG.l  bows  the  outline  of  the  AS  S65H  PANTHER 
fenestron.  The  sssemMy  is  composed  of  a  small  rotor 
housed  in  a  shroud  and  topped  with  a  large  vertical 
fin.  The  rotor  diameter  is  almost  one  half  the 
equivalent  conventional  tail  rotor  diameter  and  the 
rotor  solidity  is  roughly  twice.  So,  the  blade  area 
is  also  reduced  to  one  half. 

The  shroud  includss  a  small  collector  with  rounded 
lips,  a  small  cylindrical  sons  at  the  blade  passage 
and  a  conical  diffuser  accommodating  the  transmission 
tubs,  the  gearbox  with  its  support  arms  and  the  pitch 
control  system. 

The  first  fenestron  vas  flown  on  a  prototype  GAZEILE 
helicopter  in  April  196s.  The  production  aircraft 
fenestron  had  a  700  mm  diameter  -otor.  The  blades 
ware  made  of  forged  metal  and  were  linked  to  the  hub 
through  a  set  of  thin  stainless  steal  strips  of  small 
tprslonal  rigidity  to  ensur*  pitch  variations.  The 
hub,  which  holds  the  self- lubricating  plastic  type 
bearings  to  cantilever  the  blades,  was  machined  from 
a  light  aluminium  alloy  stamping.  The  shroud  and  the 
fin  also  are  metallic.  Ref.  [3)  and  ref.  [4]  have 
provided  the  main  aerodynamic  performance,  stresses 
and  control  loads  characteristics  of  this  GAZELLE 
fenestron, 

Ref. [5]  surveyed  the  main  features  of  the  SA  360,  365 
C  and  365N  DAUPHIN  fenestron  equipped  with  a  900  mm 
diameter  fan  (first  flight  in  1972):  the  technology 
is  similar  and  tha  aerodynamic  design  is  derived  from 
the  latest  optimised  version  of  the  GAZELLE  fenestron 
on  which  an  extensive  research  test  program  had  been 
achieved. 

In  I960,  studies  were  engaged  to  develop  an  advanced 
technology  fan-in-fin  concept  with  1100  mm  diameter 
rotor  to  be  flight  tested  op.  DAUPHIN.  So,  the  shroud, 
the  fin  and  the  blades  have  been  fully  redesigned 
with  use  of  composite  materials,  ref.|6).  The  new 
moulded  plastic  blades  are  cantilevered  at  two  sta¬ 
tions  on  plastic  self-lubricating  pitch  bearings  and 
linked  to  the  hub  with  a  unidirectional  Kevlar  fiber 
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Flg.-l-  Light  hallcoptar  co mposlta  tan  In  fin 


•par  providing  low  torsional  rigidity  for  blade  pitch 
variations . 

Hill  now  "composite  fanaitron"  la  now  fittad  to  tha 
365N1  OAUPHIN  and  366G1  DAUPHIN,  COST-GUARD  vara  Ion 
•a  wall  aa  on  tha  3«5N  PANTHER  prototype. 

Tha  wont  advanced  technology  la  under  etudy  for  light 
halicoptera  and  includes  new  coapoaita  bladaa  with 
optlelnod  air folia,  atator  bladaa  in  tha  dlffuaar 
replacing  the  gearbox  support  area  ao  aa  to 
recuperate  tha  flow  rotational  energy.  The  shroud  and 
the  fin  will  consist  of  two  half-  sheila  aade  of  com¬ 
posite  structure,  FIG. 2. 


3.0  OPERATIONAL  ADVANTAGES 


The  various  advantages  of  the  fanaatron  have  been 
presented  in  details  in  the  above  mentioned  papers 
and  reviewed  in  ief.(l].  We  will  simply  recall  tha 
major  points. 


3.1  MANOEUVRABILITY,  EFFICIENCY 


In  addition  to  all  the  flight  testa  and  the  whirl  rig 
testa  which  have  been  achieved  on  the  fenaatron,  more 
than  1700  hours  of  testing  has  been  performed  in  the 
wind  tunnel  on  1/2  to  1/8  scaled  models  in  order  to 
get  a  in-depth  understanding  of  its  aerodynamic 
characteristics . 


•  HOVER 

Due  to  the  complexity  of  the  flaw  environment 
of  the  tell  rotor,  much  disappointment  has  been 
encountered  in  the  past  by  helicopter 
manufacturers  in  timing  conventional  tall  rotors 
and  consequently,  by  the  pilots  in  using  aircraft 
affected  by  poor  yaw  performance  and  handling. 
This  explains  why  great  efforts  have  been  aade  to 
atterpt  a  good  understanding  of  this 
interactions'  aerodynamics- related  topic, 
ref . I 7J  and  ref . (B). 


In  hover  with  sidewind  it  ia  generally  considered 
that  in  tha  wind  direction-wind  intensity  map 
(FIG. 3),  three  nonet  can  be  critical  on 
conventional  tail  rotors s 


•one  1,  RH  sidewind  (main  rotor  turning 
counter-clockwise)  i  it  is  tha  maximum  thrust 
critical  sons  which,  .rndar  the  meat  savers 
conditions  of  altitude/ reseerature  including 
tha  yaw  Maneuvering  capability,  determines 
the  maximum  disc  and  blade  loading  required 
for  tha  tall  rotor.  In  thia  eats,  the  fin  or 
tha  transmission  fairing  interacts  the  tall 
rotor  creating  flow  blockage  and  whatever 
tha  selected  solution,  tractor  or  pusher  tell 
rotor,  there  is  a  loss  ia  tha  tall  rotor  net 
thrust.  The  fanaatron  is  free  of  this 
intsrfarsnca.  Fur thermo -a,  without 
intermediate  gearbox,  its  similar  aits  and 
its  lower  position  relative  to  the  Min  rotor 
makes  it  tree  of  adverse  Min  rotor  interac¬ 
tion. 


sons  2,  aft  sidawind:  ia  ground  affect,  there 
ia  a  combination  of  aircraft  height  and  aft 
Wind  which  tanua  to  locate  tha  ground  vortex 
on  tha  tail  rotor.  this  to  tha  direction  or 
rotation  of  thia  ground  vortex,  and  exactly 
aa  ter  a  conventional  tall  rotor,  the  blade 
bottom  aft  direction  of  rotation  ia 
unfavourable  and  tha  bottom  forward  direction 
of  rotation  has  to  ba  selected. 


none  3,  LH  sidewind  (Min  rotor  turning 
counter-clockwise)-,  in  LH  sidewind,  the  tail 
rotor  flow  opposes  the  wind  and  can  enter  the 
vortex  ring  state  or  recirculation  mechanism 
resulting  in  pedal  reversal  or  in  erratic 
thrust  response  and  large  padal  activity.  The 
T/R  disc  loading  of  the  tail  rotor  is  the 
critical  parameter.  Ref.|9]  concludes  that 
with  a  bottom  forward  direction  of  rotation 
tha  vortex  ring  state  is  retarded,  and  “that 
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Flg.-J  Hovarlng  critical  ions*  for  conventional  to II 
rotors 


larter  helicopters  wick  hither  Mia  rotor 
41m  loading  opt  lata*  with  •  tail  rotor 
leading  that  permit!  rood  left  aldaward 
flight,  qualities  up  to  l?  kta.  For  aaallar 
hallcoptara,  or  thoaa  whan  minimum  power  to 
tka  tall  rotor  waa  tha  major  tonal deration, 
loft  sideward  lll«ht  up  to  S3  kta  la  not  poe- 
alkla  without  large  right  pedal  excursions". 
Assuming  that  tha  fanaatrou  rotor  dlaaatar  la 
half  tha  equivalent  tall  rotor  dlaaatar,  tha 
aaaaataa  theory  indicates  that  tha  aaaa 
laduoad  velocity  will  bo  *v7  01  1.8  hither  on 
th.-  fanaatroo  for  tha  iaaa  anti-torque 
thruat.  So,  especially  for  light  hallcoptara, 
tha  faoaatroo  la  vary  advantaaooua  in  left 
aldawind,  oppoaint  t’u«  wind  direction.  Tha 
bottoa  forward  direction  of  rotation  1'  alao 
favourable  to  delay  tha  float  redreu  .tion 
phenomenon  occurrence,  aa  In  tha  caaa  of  tone 
1,  aft  aldawind. 


Hallcoptara  equipped  with  the  fanaatroo  have 
provin  eoooth  hand  1  i.ia  and  axcallant  yaw 
manoeuvrability:  for  example,  tha  Coaat  Guard 
version  of  the  Dauphin  haa  demonstrated  to  be 
able  to  reach  a  22*/aec  yaw  rata  after  1,3  aac,  in 
35  kta  left  aldawind  (main  rotor  turning 
clockwiaa)  under  critical  altitude, 'temperature 
condition!  at  maximum  gross  weight. 


FORWARD  FLIGHT 

In  crulaa  flight ,  in  order  to  gat  tha  beat 
llft-to-drag  ratio  of  tha  tail  vertical  aurfacaa, 
It  la  preferable  to  fully  unload  tha  fenaatron. 
So,  all  the  anti-torque  thruat  required  haa  to  be 
auppliad  by  the  fin  which  la  of  relatively  large 
area.  It  ia  aet  at  a  given  angle  of  attack  with 
respect  to  tha  aircraft  centerline  and  haa  a 
cambered  aectlon  Couaequently,  tha  raquirad 
power  by  tha  fenaatron  la  extremely  low  aa  it 
only  conaiata  of  tha  profile  power  which  e.iree- 
ponda  to  one  half  the  conventional  tail  rotor 
profile  power  in  proportion  with  tha  blada  area 
ratio. 

Tna  unloading  of  tha  fan  in  cruiae  haa  aavaral 
othar  poaitiva  .nnaquencea  aa  for  inetence: 


minimising  strains  on  all  tha  rotating  parts 
of  tha  fanestron. 


or  tha  capability  of  flying  rod  landing  with 
tha  tail  rotor  inoper-tive  in  case  of 
failure . 


no  la  Tap  flM-TWOH 


Testa  have  ahawn  that  tha  directional 
stability  depends  almost  entirely  on  the  tall 
vertical  aurfacaa  sialng  and  vary  little  on  tha 
fan.  In  early  designs,  it  haa  bean  fait  that  tha 
yaw  control  efficiency  waa  poor  ia  crulaa  within 
a  three  degrees  sideslip  tana,  corresponding  to  a 
"deadband"  appearing  for  neutral  position  of  tha 
pedal.  Wind  tunnel  tatta  have  provided  a 
comprehensive  analysis  of  thla  problem  which  la 
sot  ralavaat  to  tha  fan-in-fin  concept  in  ltwelfi 
tha  overall  directional  stability  depends  on  tha 
Isolated  fenaatron  stability  (Without  fin) 
combined  with  tha  airframe  diraetloaal  stability. 
Teats  clearly  indicate  that,  aa  taolated,  tha 
fenaatron  io  stable  in  yaw  with  no  in«ularltier, 
FIG. A.  The  problem  ia  related  to  airframe 
stability  and  to  wake  affaat  due  to  tha  main 
rotor  head  and  fuselage,  reducing  th*  control 
affieleacy  of  roar  aurfacaa.  So,  Jith  the 
fenaatron,  it  la  necessary  to  tap rove  the 
fuselage  yaw  etebllity  If  possible  by  reducing 
the  wake  affect,  by  lap  raving  tall  surface 
efficiency  and  possibly  by  adding  eadplatea  on 
tha  horizontal  stabiliser  which  can  senile  be 
adjusted  during  tha  development  proceal  of  tha 
aircraft,  ref. [10]. 


3.2  SAFFTT  AND  VUUSRASlLrTY 


In  addition,  tha  fhroud  naturally  protects  tha 
rotor  againit  external  agreasiona  and  originally,  tha 
concept  haa  bean  developed  for  the  aefety  purpose.  In 
fact,  It  remedies  almost  all  drawbacks  specif ic  to 
conventional  tall  rotors. 

It  ia  tha  reason  why  for  about  two  million  flight 
hours  have  already  been  logged  on  hallcoptara  fitted 
with  i  win-fin  rotor,  there  haa  not  boon  a  single 
aarioua  accident  due  to  tha  fan-in-fin  concept.  This 
has  to  be  compared  with  the  above  mentioned  rate  of 
helicopters  crashed  due  to  failed  or  impacted 
conventional  tall  i-otora,  which  ia  in  tha  order  of 
0,13  par  10,000  hours  of  flight  aa  reported  in  tha  ac- 
cldant  log  book. 

Aa  illustrated  on  FID. 5,  enclosed  and  sheltered  in 
the  duct,  th*  fen  cannot  hit  ground  obstacles 
whatever  the  helicopter  evolutions  are.  In  (light,  it 
ia  difficult,  if  not  impossible,  to  have  tha  fan  hit 
by  elements  detached  from  the  helicopter  structure  or 
from  main  rotor  bladee  such  aa  snow  packs,  ica 

accretions .  or  to  catch  cargo  slinga  or  hoiit 

cables.  Furthermore,  whan  the  aircraft  ia  grounded, 
and  tha  tail  rotor  operating,  people  can  see  tha 
shroud  and  are  not  able  to  be  injured  by  the  shroud. 


Flg.-g-  Vow  stability  In  forward  flight 


Fig. -S'  Oparatlonal  safaty  Improvement  by  fantstran 


BiEf.SH'  »*  :■  •■  i  -!■■  »  . .  ,  ,  „  . r*^W*BIPI>W8(W^fl'l|ISiW(IIPMWIki 


16-5 


TM  tali  itiw  It  almaat  kept  m;  (M  alxevt  all 
fwdtli  utinil  «|Niil«i. 

6a  reported  la  r*f.|l)  aad  aa  ~*n - -  by 

mum  taata,  thlt  ilna  several  advantages  ant 
th*  ovmveetlaual  tall  ntat  aa  tar  aa  aaal  or  raia 
oroaloa  la  concerned  la  forward  flight.  Under  snow 
or  Icing  condition* ,  taata  havo  alao  abeam  a  better 
behaviour.  la  hover,  aad  at  loo  forward  speeds,  pro* 
vlalaaa  aaat  alao  ho  aada,  aa  for  a  coavoatloaai  tall 
rotor  for  oaad  or  duxt  pro t aft loo,  hut  duo  to  higher 
centrifugal  forooa,  lee  aooratloa  deal  art  a  hew  up  ea 
the  hladaa. 

The  experience  above  that  aaan  tlae  between 
removal  oa  tall  rotor  bladaa  on  the  whole  fleet  of 
aoreepatlalo  Helicopters  la  about  throe  tlaoa  higher 
for  fen- in- fin  concept  than  for  convent lone 1  tall 
rotor.  It  aoeaa  to  need  no  apodal  equipment  for 
Icing  coed It lone  aa  It  baa  been  experienced  during 
numerous  flight  houre  performed  in  theae  condltiona. 

Vulnerability  teate  have  been  undertaken  which 
a  how  that  no  cerioua  damage  occura  when  7.5  am 
cartridge  oaaing*  are  thrown  into  the  fan,  and  pellet 
lapact  of  7.5  ne.  caliber  on  a  blade  haa  practically  no 
effect  on  the  fan  operation.  It  haa  boon  further 
uhovn  that  due  to  the  large  number  of  bladea ,  the  loan 
of  one  blade  done  not  reault  in  en  immediate  loaa  of 
the  rotor,  aa  it  ia  generally  the  caae  tor 
conventional  tail  rotora. 


5.3  NOISE  AND  DETECTABILITY 


The  waah  lmead lately  downatroan  of  the  rover  ia  no 
■ore  ovotproaeured,  aa  It  would  ho  on  a  free  rotor  aad 
consequently  doea  net  contract. 

la  thaaa  condltiona,  tha  wake  expanaion  it 
oetlnatad  Mill)  being  the  rotor  diameter)  aa 
coopered  to  4.7  D,  free  r rondo  theory,  far  the 
conventional  tail  rotor.  So,  tha  throat  la  abated  aa 
one  half  for  the  ahrood  aad  one  half  for  the  fan. 

Fort  he  roe  re ,  the  diffuser  even  permit*  a  t  light 
dopretauro  to  be  tattled  immediately  downctroon  of 
the  rotor  and  a  alight  expanaion  of  the  wake. 


•uaanTMnmeaim 


It  haa  boon  denonatrated,  ref. [11,  that  the 
faneatron  radiatea  leae  nolae  than  the  conventional 
tail  rotor.  Furthermore,  the  noiaa  attenuation  with 
diatance  ia  normally  atrouger  than  for  conventional 
tell  rotor,  aa  tha  noiaa  fundamental  frequent lea  are 
higher  by  an  order  of  magnitude  approximately. 
Viaual  detectability  when  the  helicopter  ia  on  watch, 
hiding  behind  trom  linea  la  reduced  in  moat  caaea 
(the  conventional  tail  rotor  will  emerge  from  Dree 
tope  line  but  not  the  fenuatron).  Finally,  reduced 
radar  detectability  can  be  obtained  by  the  vet  of 
appropriate  coopoaite  materiel*  for  the  structure  end 
for  the  chart  dimer.*  ion  blades  which  could  uee 
organic  materiele  for  anti-erosion  protection 
device* . 


4.0  AERODYNAMICS  OF  THE  FENKSTRON  IN  HOVER 


Fan-in  fin  deelgn  criteria  ere  act  to  provide  for 
a  given  diameter,  maximum  thruat  capability  in  hover 
with  a  high  figure  of  merit  . 

From  a  pur*  p*.  fortune*  point  of  view,  the 
shrouded  rotor  it  very  attractive  a*,  from  momentum 
theory,  (see  momentum  theory  in  ANNEX,  aa  applied  tu 
the  shrouded  rotor),  it  offer*  for  the  earn*  rotor 
diac  diamater  a  power  eaving  of  about  SOX,  while 
developing  the  earn*  thruat.  The  total  figure  of 
merit  of  the  shrouded  rotor  can  be  expressed  aa 
follow*: 


T* 

Fn  - - 

/To  ./2pS  .V 

0  being  the  ratio  of  the  wake  to  rotot  dick  at**,  aad 
8  the  area  of  the  rotor  dials. 

how  can  the  ahroud  improve  the  rotor  efficiency! 

The  shroud  improves  tb*  rotor  efficiency  because 
it  can  support  the  entering  flow  dynamic  preteure, 
which  gives  it  a  thruat  c exponent  as  great  as  tha 
rotor  thruat. 

This  unloads  the  rotor  which  haa  Isas  haad  pressu¬ 
re  to  gansrata  for  a  given  total  thruat,  end 
increase*  the  mean  Jepreasur*  tb  e  the  rotor  diac. 


W|.-<-  Thrust  sharing  Mom n  fan  and  duet  fairing 


The  meeeurementa  ere  well  in  agreement  with  thlt 
general  theory. 

F13.(>  thorn  the  thruat  verau*  pitch  eettlng  of  * 
faneatron  with  t  typical  twist  of  -7*,  an  maasured  on 
a  half-acxlsd  nodal  of  tha  Qasalla  faneatron.  The 
fan  thruot  ia  derived  from  total  preteure  integration 
downatraam  of  the  rotor  bladea.  The  collector  end 
diffuser  thrust  ere  derived  from  static  pressure 
integration  oa  the  throud,  which  la  presented  on 
F10. 7  for  tvo  value*  of  the  0.7*  pitch  tatting:  35*. 
which  is  characteristic  of  th*  currant  regia*  and  47* 
which  is  Just  beyond  etall  which  occurs  at  4S*  on  thia 
model  faneatron.  Aa  pravioualy  explainad,  1st  ua  no¬ 
te  that  the  flow  ia  elwayt  depressed  within  th* 
shroud.  Oa  th*  collector  lips,  htgh  depressure 
levels  are  reached  corrempondlng  to  maximal  local 
flew  velocities.  Th*  pressure  profile  depends  on  th* 
curvature  of  th*  lips  which  determine  the  streamline 
curvature  and  th*  local  depressure  level. 
Immediately  after  th*  depressure  peek,  tha  flow  h*s 
to  fee*  en  advert*  gradient  which  can  result  in  * 
-separated  son*  in  th*  front  of  the  rotor  tip  if  th* 
lip  it  not  well  rounded  or  if  th*  collector  length  is 
too  short . 


flg-'t-  Hovar  static  prassura  survay  ahr.g  tha 
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Velocity  profile  oooeureeente  hove  been  achieved 
ieaedietoly  downatrooe  ef  the  diet  with  a  five-hole 
pressure  probe  which  can  give  -  attar  adequate  cali¬ 
bration  •  total  preaaure.  atatic  preaaure  and 
airatraae  velocity  coopanenta. 

On  F10. d  and  again  for  the  sen*  two  characteristic 
valuae  of  pitch  netting,  the  velocity  profiles  have 
been  plotted.  They  illustrate  the  stalling  nechanian 
of  the  faneatron:  when  the  airfolla  at  the  tip  reach 
their  Cleax,  they  cannot  supply  head  preaaure  any 
longer  to  activate  the  flow  in  this  area.  The 
velocity  profile  is  thus  altered  near  the  shroud  and 
can  no  longer  depress  the  inlet  Up  which  Units  the 
collector  thrust. 


On  no.*,  the  flow  rotational  angle  are  also 

r lotted  for  IS*  and  07*  pitch  setting  angled.  So,  the 
lew  rotational  angle  I  gradient  generally  varies  as 
she  axial  velocity  profila.  At  •  ■  SS  .  the  nean  value 
of  the  rotational  angle  la  about  1-3“  whereas  at  •  « 
AT*,  it  ia  increased  up  to  UP  in  the  potential  flow 
none.  Clone  to  the  shroud,  .  Urge  variation  in  the  I 
angle  up  tu  SO*  is  noted.  This  corresponds  to  a 
viscous  separated  flow  sons  where  the  axial  velocity 
vanishes  due  to  blade  section  loaaea  at  stall.  The 
flaw  rotation  la  lue  to  the  cascade  deviation  angle 
of  the  bledea  which  increases  as  rotor  solidity  and 
blade  c sober.  If  it  la  not  straightened,  it  corres¬ 
ponds  to  an  energy  loos.  Considering  these 
neaaureneats ,  the  idea  case  out  to  iaploaeat  atator 
bledea  in  order  to  convert  the  flow  rotational  energy 
into  a  pressure  creating  the  additional  axial  thrust. 


Dm  eslcslatlan  oethoda  are  generally  used  by 
Aerospatiale. 

The  lint  one  ia  direetly  derived  fren  the  local 
son  eaten  and  blade  eleneat  theory,  where  the  rotor 
dies  is  nodal  led  with  alenantary  indayendsat  rings. 
The  airfoil  cheraeteriatioa  and  the  local  pitch  angle 
are  tchelatcd.  It  r aanutcc  the  exlcl  end  tangential 
velocities  fren  axial  threat  non  antes  equation  and 
torque  nonantun  aquation.  The  shroud  la  globally 
considered  In  tatting  a  given  flow  contractive  ob 
trod  the  rater  disc  to  infinity,  this  eO  a  derived 
Iron  teats  and  la  elans  to  1,  In  eg  reenact  with 
general  nanentan  theory  presented  in  tones.  This 
ntthod  la  generally  in  use  for  performance  actuation 
and  alalng  perpoae. 

b  care  advanced  theory  has  been  developed  by 

Ntnunju  (ref. (Ill)  an  the  Mela  of  a  tcopreeeor  cal¬ 
culation  coda.  This  method  accounts  for  the  shroud 
shape  iaterar.tisa  on  the  rotor.  It  ie  a  qua- 
si-t  rid  Usees  looel  ntthod  in  no  far  as  the  actual  SO 
flim  la  replaced  by  two  bidirectional  auperianosed 
flows  (riS.  10)i 


tu  the  circunferencial  plena  (cascade  airfoil 
calculation)!  this  calculation  ia  nadt  with 
reference  to  tables,  the  KAO.  eoi relation*  issued 
fren  *  great  n unbar  of  e*p*rle<*nttl  teat*  on  cat- 

codea. 


•  In  the  Meridian  plans;  in  this  case,  ths  calcu¬ 
lation  ntthod  uses  a  natrix  resolution  Method, 
with  tn  equation  discreteness  through  finite 
differences.  The  flow  is  sssuned  not  to  be 
viscous,  to  bo  rotational,  conprasslbls  and 
exiayanatric.  The  basic  aquations  arc  the 
classical  fluid  nechanlcs  aquations  (  nonantun, 
continuity,  energy  and  perfect  gt*  state 
equation*) 

Modifying  thee*  equation*  with  additional  re¬ 
lation  roeufte  in. 


»*T  »•? 

»x*  Ay' 


QCx.y) 


Solving  the  above  equation  for  every  axial  etetion 
allow*  calculating  the  flow  within  a  meridian  plena 
and  requires  data  issued  from  circumferential  plan* 
calculation  for  a  given  rediu*.  The  tridineneional 
flow  ii  reetored  by  coabining  both  bidioensional  cal¬ 
culation*  in  *n  iterative  way. 


Fig. -9-  Flam  rotational  anglo  demnstroom  tha  rotor  Fig. -10'  Fanastron  calculation  imthod  (HFTRAFLU) 

of  Oder 
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f/g .-If-  tMfe  pressure  ceseputet fdn  m  tt*  shroud 


Thu*  theories  hav*  bun  correlated  With  tut 
results  which  hav*  bun  obtained  at  th*  bench  «t 

■cal*  1. 

HO.  11  show*  correlation  obtained  with  th* 
NtHUFLU  mthod  on  static  pr*aaur*  uaauramanta  on 
th*  ahroud  in  a  aorldlaa  plan*,  tt  aodarat*  pitch  an¬ 
al*  setting.  Upatr*aa  of  th*  d*pr*a*ur«  peak,  tha 
flow  nodal 1 in*  1*  not  exactly  in  accordant*  with  th* 
shroud  shape,  du*  to  th*  calculation  uthod 
uauptioaa  and,  th*  computed  ruulti  hav*  not  ban 
reported.  This  du*  not  influuc*  tha  doamatrau 
raaulta  where  th*  pradiction  1*  quit*  cornet,  ov*n 
in  th*  dlffuaor.  In  particular,  th*  aaxiaua 
dapnsaur*  p«ak  and  th*  pruaura  racovary  (radiant 
ar«  correctly  predicted.  Son*  local  dlscrapanciaa 
are  noted  at  tha  hlad*  son*.  They  ar*  du*  to  blad*  tip 
vortices  which  ar*  not  taken  into  account  in  th* 
potutial  calculation. 

FIG.  12  allow  th*  predicted  and  maaurad  axial  and 
tangential  velocities  with  th*  two  uthod* .  Th* 
viscous  effects  du*  to  blade  lip  vortices  result  in  a 
boundary  layer  d*v*lopunt  close  to  the  hub  and  th* 
ahroud  which  are  not  coaputed.  It  raaulta  in  a  flow 
blockat*  which  increases  tha  axial  velocity  in  tha 
non-viacoua  son*.  This  explains  why  tha  axial 
velocities  computed  valves  ar*  underestimated.  In  tha 
caaa  of  tha  local  momentua  blad*  alaunt  theory,  tha 
axial  velocities  are  a  littla  eors  underattlutad. 
This  la  partly  dua  to  tho  fact  that  coaputed  2D 
airfoil  characteristic!  hava  bean  used  Instead  of 
tuta  value*  which  ur*  not  available  at  th*  mount. 
Th*  tangential  valoclty  correlation  ia  (aurally  good 
for  both  uthod* . 


Fig. -12-  FI*#  computation  downstream  tho  rotor 
Modes 


Fig. -13-  Predicted  and  meet* rod  femttron  thrust 
versus  pitch  characteristic 

Tha  predicted  and  avaaurad  thrust  veraua  pitch  an¬ 
gle  characteristics  ar*  coap*r*d  on  rlG.lJ.  Hot* 
that  the  local  momentum  blade  elettut  theory  items  to 
correctly  predict,  the  thrust  stalling  l«v«l,  although 
2D  airfoil  characteristic*  ar*  computed  valuta  with 
tatlmattd  stall.  Th*  ICTMtW  uthod  la  a  potential 
uthod  and  cannot  glv*  accurst*  in'orution  after 
stalling.  Tha  stalling  can  b*  estreated  from  th* 
calculated  apanwiae  load  factors  on  the  blade. 


Fig. Predicted  end  measured  fenestran  thrust 
versus  power  characteristic 


Tha  predicted  and  uaauret  thrust  versus  pot>*r 
character istic*  ar*  compared  on  F1G.H.  The  METPA1LU 
computation  gives  quite  good  raaulta  bafor*  stall. 
Th*  local  aomtntum  theory  gives  acceptable  results, 
considering  th*  ua*  of  2D  airfoil  computed 
characteristics . 
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Fig. -II-  lnfly.ee  of  ttofor  fcWoj  on  aria t  rWwot 


Tha  offact  of  atotor  bladea  la  illustrated  In 
rio.ia.  In  tha  rotating  plana,  tho  flow  la 
davlatad  by  tha  rotor  blade.  Tho  deviation  ongla 
iacraaaaa  with  blodo  aotidity  had  cPkat.  It 
rooulta,  luat  downatroop  of  tho  rotor  bladea,  in 
on  aWoluto  velocity  V,  ongla  I  relative  to  tha 

axial  direction.  Tha  atoter  binder  deviate  tha 
flew  tree  Vj  to  Vj,  directly  era* tint  an  oalol 

thruat  tad  a one  pressure  recovery  aa  tho  velocity 
•lightly  dacraaaot.  ,  _ 

HQ.  1»  ahowa  (full  aeola  Moauraoonts)  that  tha 
flow  hoa  Won  alooot  ceoplotoly  atroightanod  with 
thMO  atator  blodot . 
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Fig.* If-  Fonostron  airfoil  c/mo*  improvement 

a  If fact  of  dlffuaar  angle  and  atatlc  vanaa,  aot 

dounatrooo  of  tha  fan.  to  leprove  the  f low  ohpon- 
a  too  (higher  00)  and  to  atratghtan  the  nlrflmt  In 
order  to  recover  tha  flow  rotational  energy  no 
proa  anted  In  FIG.  17.  Tha  diffuaer  angle  a  la 
actually  llaltod  to  a  practical  angle  value  el 
•bout  10*.  aa  with  higher  diffusion  angina,  flow 
in«x*billtioi  My  occur  o»  intoroctod  with  tho 
Min  rotor.  Hilo  offoct  hod  boon  ovidoncod  on 
oorW  voroiono  with  tho  bottom  oft  fonootrt*  di- 
roc  t  ion  of  rot  ot  ion  which  hod  boon  forukon 
bocouto  of  poor  porforoonco  in  roor  wind  in 
ground  offoct. 
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fla. -II-  Inf  Inane*  of  Stator  blades  sn  tie*  rotating 
jh  at  tha  diffuser  eWt 

Tha  Inprovopaata  obtalnod  on  aaporota  nodifica- 
rlooa  briefly  roviawod  above,  hove  boon  Intagrated  on 
a  acala  one  faneetron  raaaarch  toat  bench  prevented 
in  FIG. 20,  for  tha  Dauphin  N1  helicopter.  This  teat 


Fig. -IT-  Influence  of  diffuser  engfe  end  stetor 
on  fenestron  performance 
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facility  allow*  for  accurata  aeaavreaenta  of  tail 
rotor  parforaanca,  as  wall  at  praaaura  aurvay  and 
noiaa  radiation  aaaturaaanta .  Savaral  typaa  of 
bladea,  duct  geowatriea,  and  guide  van*  tatting  an¬ 
gle*  hava  bean  recant ly  avaluatad. 

F10. 21  praaantt  figure  of  aarit  data  at  a  function  of 
tha  aean  blade  loading  coafficiant  Cta,  obtained  by 
direct  on  lin*  data  procaaaing  at  tha  tatt  bench  alt* 
which  allows  to  obtain'  precis*  data  in  tha  coaplac* 
thrust 'doaain  of  the  fan-in-fin.  Each  characteristic 
1*  presented  with  least  square  curve  fitting  on  about 
150  test  values. 
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Fig. -23-  Isolated  tall  rotor  efficiency 
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Fig. -21-  On  line  data  processing  of  whirl  test  stand 
data 


As  presented  „n  FIG. 22,  maximum  figure  of  merit  can 
be  increased  by  IX  and  maximum  thrust  by  373.  as 
compared  to  the  present  production  365  Nl  Dauphin 
fan-in-fin  due  to  guide  vanes  (or  stator  blades)  and 
new  airfoil  section  shapes  for  the  fan  blade. 
Furthermore,  the  figure  of  merit  stays  quite  constant 
for  large  mean  lift  coefficient  (or  thrust)  of  the 
fan-in-fin.  Substantial  efficiency  improvements  are 
shown  in  FIG. 23  compared  to  current  conventional  tail 
rotor  with  two-  or  four-bladed  design  using  new 
airfoil  sections  technology. 


CONFIGURATION 

(FMJmu 

ICZmlmax 

366  Nl  (REFERENCE) 

0.71 

0.B25 

WITH  GUIDE  VANES 

,4.2% 

♦  26% 

WITH  OAF  AIRFOIL 
SECTIONS  +  0.  VANES 

♦  7.0% 

♦37% 

Czm 


Fig. -22-  Fenestron  performance  Improvements  ( full 
scale  ground  tests) 


It  is  to  be  noted  that  comparisons  between 
conventional  and  fan-in-fin  tail  rotor  performance 
should  cake  into  account  not  only  the  isolated  tail 
rotor  efficiencies  -  as  shown  in  FIG. 23  -  but  also  the 
fin  blockage  effect  normally  present  on  conventional 
tail  rotor.  This  effect  is  illustrated  in  FTG.24, 
which  presents  for  a  given  tail  rotor  power  the 
equivalent  fenest i on/classical  rotor  diameter  ratio 
as  a  function  of  figure  of  merit  ratio  and  fin 
blockage  in  percent  of  thrust.  In  particular,  for  an 
improved  figure  of  merit  of  30\  (FH  ratio  of  130\)  and 
SX  fin  blockage  effect,  an  equivalent  fan-in-fin 
wuuld  have  half  the  diameter  of  a  conventional  tail 
rotor. 


FI  a. -24-  Determination  of  fenestron  /  conventional 
toll  rotor  equivalent  diameter  at  constant  paster 
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As  retards  hand lint  qualities:  appropriate  choica 
of  fin  gMiMtry  and  sise,  and  duct  |MMtry  provides 
bettor  handling  qualities. 
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As  regards  overall  weight  and  cost:  the  fan-in-fin 
concept  developed  with  advanced  composite  technology 
is  equivalent  to  the  latest  conventional  tail  rotor 
for  light  helicopters  and  shows  substantial  reduction 
in  weight  and  coat  what;  compared  to  tail  rotor 
mounted  on  top  of  a  tail  pylon. 


Considering  the  complementary  advantages  of 
improved  safety  end  reliability,  reduced 
detectability  and  vulnerability,  the  "fenestron" 
fen- in-fin  concept  can  presently  be  considered  as  the 
best  anti- torque  system  for  the  single  main  rotor 
light  and  medium  six#  helicopters. 


Fig. -2$ -  Fwmstren  drag 


The  implementation  of  the  stator  blades  in  the  diffu¬ 
ser  has  also  improved  the  pressure  recovery  and  tests 
have  been  completed  with  a  reducad  diffuser  length, 
resulting  in  a  narrower  shroud.  The  tests  have 
demonstrated  that  up  to  a  certain  limit,  it  doea  not 
affect  the  performance.  This  finally  results  in 
lower  drag  of  the  fanes tron.  The  drag  saving  is 
estimated  to  be  as  high  as  4 (ft  on  the  Dauphin  365N1 
fenastroo.  FIG. 25  compares  these  drag  values  with 
the  drag  of  various  Aerospatiale  helicopter 
fensstroni,  without  fin,  and  assuming  that  the 
dynamic  pressure  is  reduced  to  60\  of  the  freestresm 
dynamic  pressure  due  to  fuselage  and  main  rotor  nub 
wake. 


7.0  CONCLUSION 


The  fan- in- fin  or  fenestron  concept  has  besn 
originally  developed  for  the  only  take  of  improved 
safety  and  at  an  accepted  penalty  of  weight,  required 
hover  power  and  cost. 

The  operational  experience  shows  that  the  improved 
safety  was  indeed  demonstrated,  as  no  major  accident 
occurred  due  to  fenestron  problems  on  nearly  thirteen 
hundred  fenestron -equipped  helicopters,  which  have 
been  flown  for  more  than  two  million  hours. 


In  addition  to  the  research  and  development  work 
conducted  for  eighteen  years,  recent  research  work  at 
scale-one  bench  in  hover  have  enabled  new  performance 
gains  with  optimised  airfoils  and  stator  blades  in 
the  diffuser,  as  well  as  the  possibility  of  reducing 
the  shroud  width,  without  hover  performance  penalty, 
which  results  in  drag  saving  in  forward  flight.  Tvo 
calculation  methods  havo  been  correlated  on  this 
testa  giving  quite  good  performance  and  flow 
predictions  in  hover. 


This  has  brought  the  fan-in-fin  concept  to  a  level 
which  makes  it  attractive,  aa  compared  to  the 
classical  tall  rotor,  on  nearly  all  points  of 
comparison  for  light-  and  mediur-waight  helicopters: 

As  regards  performance:  fan- in- fin  with  equivalent 
effectiveness  can  be  designed  with  *  diameter  almost 
half  the  classical  tail  rotor  diameter,  due  to 
aerodynamic  Improvements  on  eirfcil  shapes,  duct 
geometries  and  stator  blades. 
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SUMMARY 


Many  different  typea  of  rotorcraft  and  higher  dlik  loading  Vertical  Takeoff  and  Landing  (VTOL) 
concept*  have  been  investigated  in  the  paat,  but  none  have  aurvived  to  production  except  for  helicopters 
and  ona  direct-lift  turbofan  VTOL,  With  modern  technology  develop* J  in  the  paat  two  or  three  decades, 
aome  of  the  earlier  concept*  might  now  be  more  practical  and  naw  concept*  have  become  feasible.  This 
paper  examine*  aome  of  the  rotorcraft  concept*  that  can  offar  higher  apeeda  than  the  pure  helicopter, 
including  the  compound  helicopter,  ABC,  tilt-rotor,  X-Wing,  and  stowed  rotor  configurations.  All  of 
these  are  potentially  practical  aircraft.  Economic  considerations  will  dictate  that  the  pure  helicopter  la  here 
to  stay;  higher  speed  rotorcraft  are  not  as  cost-effective  at  short  ranges. 

Also  examined  is  the  approach  to  helicopter  ailing  for  heavy-lift  applications.  It  is  concluded  that  a 
super-large  helicopter,  sited  to  carry  the  heaviest  payload  needed,  is  unaffordable.  A  better,  more  cost 
effective  solution  is  to  develop  a  moderately  large  helicopter  that  trill  carry  most  of  the  required  loads, 
and  to  use  the  twin-lift  technique  to  transport  the  occasional  extra-heavy  load. 


INTRODUCTION 


The  spectrum  of  heavier-than-air  vertical  takeoff  and  landing  aircraft  may  be  divided  into  two  broad 
categories  on  the  basis  of  disk  loading .  Rotorcraft ,  using  exposed  rotating  blades  and  with  disk  loadings 
typically  on  the  order  of  5  to  15  lbs.  per  square  foot  (approximately  25  to  75  kg/m‘-’),  represent  the  end 
of  the  spectrum  that  is  currently  the  domain  only  of  the  helicopter.  Higher  disk  loading  VTOL's,  such  as 
tilt  wing /propeller  and  direct-lift  turbofan  configurations,  represent  a  different  class  of  aircraft  in  that 
the  hover  downwash  becomes  greater  than  humans  or  most  vegetation  can  tolerate;  the  ability  to  hover 
for  extended  periods  is  severely  curtailed;  the  near-field  noise  typically  becomes  excessive;  achieving 
adequate  control  power  becomes  more  difficult;  and  the  possibility  of  helicopter -type  safe  autcrotative 
landings  in  case  of  total  power  loss  disappears.  Thus,  the  higher  disk  loading  class  of  aircraft  will  be 
limited  to  missions  and  operational  requirements  that  are  different  from  those  typical  of  current  helicopters. 

A  large  number  of  different  configuration  types  are  posaible  within  these  two  classes,  and  many  of  each 
class  have  been  explored  in  the  paat,  with  wind  tunnel  model  tests,  flying  test  beds,  and  even  a  few 
prototype  production  aircraft.  This  effort  was  oonductfd  largely  during  the  late  .ISO’s  and  1960’s,  when 
there  seemed  to  be  considerable  emphasis  on  establishing  alternative*  to  the  helicopter  that  would  have 
much  higher  speed  capability.  With  one  notable  exception  (the  Hawker  P1127,  which  evolved  to  the  present- 
day  Harrier),  the  large  investment  in  theje  endeavors,  totalling  in  the  hundreds  of  millions  of  dollars, 
failed  to  produce  any  aircraft  that  actually  reached  the  production  stage.  There  warn  many  reasons  for 
this  lack  of  success;  the  two  most  common  were  a  missing  element  of  technical  feasibility,  most  often  in¬ 
adequate  control  power  or  stability  in  hover  and  low  speed  flight;  and  the  lack  of  enough  payload  to  make 
the  concept  economically  attractive. 

In  the  20  to  30  years  that  have  passed  since  most  of  the  experimentation  took  place  with  ’’advanced" 
configuration  concepts,  there  has  been  significant  technological  progress  on  a  number  of  fronts  that  bear 
on  the  feasibility  or  economic  viability  of  these  concepts.  The  empty  weight  fraction  of  all  configurations 
can  be  reduced  substantially  by  the  use  of  advarced  composite  materials  now  available.  Smaller  but  sig¬ 
nificant  weight  savings  are  also  available  with  more  modern  engines,  transmissions,  and  control  systems. 
Weight  is  critical  to  the  relative  merits  of  different  configurations,  and  changing  technology  can  alter  the 
relationship.  Consider  two  configurations  of  older  technology:  s  helicopter  with  a r.  eropty-to-gross  weight 
traction  of  0.70  and  a  high  speed  rotorcraft  (wit’  bigger  engines,  wings,  propellers,  etc.)  with  an  empty 
weight  fraction  of  0.90.  Allowing  five  percent  in  each  case  for  fixed  useful  load  (pilots,  trapped  fuel, 
etc.),  leaves  .25  and  .05  respectively  for  maximum  payload  fraction.  This  five-to-one  advantage  of  the 
helicopter  (at  aero  range;  greater  at  finite  range)  overwhelms  the  speed  advantage  of  the  "advanced” 
type;  there  is  really  no  contest.  Now  consider  the  same  two  configurations  with  the  empty  weight  fraction 
decreased  by  20  percent  by  the  use  of  modern  composite  structures,  etc.  With  the  same  fixed  uaefu. 
load  allowance,  the  sero  range  payload  fractions  Increase  to  0.31  for  the  helicopter  (a  06  percent  increase) 
and  to  0.23  for  the  high  speed  vehicle  (an  increase  of  360  percent).  Although  the  helicopter  retains  a 
payload  advantage,  the  higher  speed  of  the  other  vehicle,  depending  on  circumstances,  could  more  than 
offset  tlus.  For  example,  if  the  speed  is  twice  es  high,  the  productivity  in  a  transport  mission  (payload 
times  speed)  becomes  greater  than  for  the  helicopter. 

Other  technology  factors  also  affect  feasibility  or  economic  viability.  There  hav.  jesn  substantia] 
improvements  in  airfoils  and  blade  tip  designs  for  rotors,  which  Improve  hover  flguie  of  merit,  maximum 
lift,  and  maximum  allowable  Mach  numbers.  The  microelectronic  revolution  also  has  iji  impact;  modern 
digital  flight  control  and  stabilisation  systems  are  now  available  that  could  stive  som:  of  the  control 
problems  encountered  in  the  past. 

Thus,  configurations  once  tried  and  found  inadequate  may  now  be  revisited.  Some  of  them  are  likely 
to  be  attractive  candidates  for  future  development.  This  paper  will  review  some  of  the  high  speed  rotor¬ 
craft  concepts  considered  to  be  good  candidates  for  future  development.  It  will  also  consider  the  problem 
of  the  most  effective  solution  to  heavy  lift  helicopter  requirements  of  the  future.  The  possible  future  of 
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th*  high  diak  loading  types  of  VTOL  aircraft  la  not  considered  here,  except  to  say  that  the  fundamental 
disadvantages  of  high  disk  loading,  previously  mentioned,  will  continue  to  detract  from  their  capabilities 
and  applications. 

HBUCOPTER  SPEED  LIMITATIONS 


For  many  years,  helicopter  epeed  capabilities  increased  steadily  with  time,  as  shown  in  the  speed 
record  history  in  Figure  1.  These  records  represent  the  absolute  maximum  speeds,  all  of  which  are  in 
the  two  shortest  distance  categories,  In  the  unrestricted  weight  class  of  "pure"  helicopters  (i.e.  no 
propulsion  except  from  the  rotor  which  also  produces  lift).  The  trend  has  leveled  off  in  recent  yearB, 
with  no  new  record  between  1978  and  1988.  When  this  paper  was  written,  a  new  record  of  approxi¬ 
mately  218  knots  (400  km. /hr.)  was  claimed,  but  not  yet  certified  by  the  Federation  Aeronautlque 
Internationale,  for  the  Westland  Lynx  with  an  experimental  rotor.  This  new  mark  is  an  impressive 
achievement,  and  la  considered  to  be  close  to  the  maximum  to  be  expected  for  helicopters.  Normal 
operational  speeds  are  lower  than  record  speeds,  of  course.  It  is  not  anticipated  that  the  pure  heli¬ 
copter  will  ■  ver  have  a  routine  capability  much  above  200  knots  (371  km. /hr.). 

The  moat  recent  speed  records  set  by  a  Sikorsky  product  was  established  in  1982  by  the  S-76 
helicopter,  Figure  2,  This  aerodynamically  clean,  nominal  10,000  lbs.  (4835  kg.)  class  helicopter  set 
eight  official  world  speed  records  in  two  weight  classes,  plus  one  in  the  unrestricted  weight  class: 
a  speed  of  345.7  km. /hr.  =>  188. 5  kva.  over  a  distance  of  500  km. 

The  reason  pure  helicopters  are  speed-limited  is  illustrated  in  Figure  3.  Although  the  rotor  is  un¬ 
excelled  for  producing  lift  and  propulsive  force  at  lew  speeds,  the  capability  drop:  substantially  as  forward 
speed  is  increased.  The  cause  of  this  characteriitic  is  the  reductloii  in  velocities  relative  to  the  blade  on 
the  "retreating''  half  of  the  rotor  disk,  resulting  it:  large  reductions  in  local  dynamic  pressures  available 
for  producing  lift.  The  dynamics  pressure  on  the.  "advancing"  half  of  the  disk  are  increased  but  are  not 
usable  with  conventional  rotors  because  of  blade  dynamic  response  and  the  need  for  roll  trim.  At  200 
knots  (371  km. /hr.)  the  lift  capability  is  typically  only  on  the  order  of  one-half  that  at  100  knota 
(185  km. /hr.),  and  the  propulsive  force  capability  is  typically  reduced  by  a  factor  of  five  or  more,  whereas 
the  lift  requirement  is  essentially  constant  and  the  propulsive  force  requirement  has  incroased  by  a  factor 
of  four.  At  some  speed  above  200  knots  the  propulsive  force  capability  vanishes  altogother. 

THE  COMPOUND  HELICOPTER 


A  logical  means  of  extending  the  performance  envelope  of  the  pure  helicopter  is  by  compounding, 
i.e.  supplementing  rotor  lift  by  means  of  a  wing  and  providing  some  means  of  auxiliary  propulsion.  A 
properly  sited  wing  supplements  rotor  lift  In  a  nearly  ideal  manner  as  shown  in  Figure  4.  The  wing  lift 
potential  Increases  with  the  square  of  the  flight  speed  and  the  combined  lift  capability  1b  quite  flat  up  to 
200  knots,  beyond  which  it  increases. 

Many  experimental  compound  helicopters  have  been  built  and  flown,  and  two  designs  reached  the 
production  prototype  stage.  One  of  the  earlies*  experimental  compounds  was  the  McDonnell  XV-1,  Figure  5. 
It  had  a  wing,  a  pusher  propeller  and  a  pressure-jet  driven  rotor  system  with  tip  burning.  Another 
experimental  aircraft  was  the  Sikorsky  S-87  prototype  gunship  helicopter,  Figure  8.  It  incorporated  a 
wing  but  not  auxiliary  propulsion,  and  was  the  fastest  helicopter  not  having  auxiliary  propulsion  ever 
built  by  Sikorsky,  setting  a  world  speed  record  of  over  191  knots  (354  km. /hr.)  in  1970.  It  was  also  the 
most  maneuverable.  A  research  compound  helicopter,  the  NH-3A,  is  shown  in  Figure  7.  It  was  based  on 
the  Sikorsky  S-61  but  Incorporated  a  wing,  two  turbojets  for  auxiliary  propulsion,  and  airplane-type 
Control  surfaces.  It  was  flown  at  speeds  up  to  230  kmts  and  provided  valuable  data  which  confirmed  the 
capabilities  of  the  compound  concept.  The  fastest  experimental  compound  helicopter  was  a  derivative  of 
the  Bell  UH-1,  Figure  8.  A  high  rati,,  of  installed  jet  thrust  to  weight  allowed  flight  speeds  up  to  approx- 
imaUly  275  knots  (509  km. /hr.) 

One  aircraft  in  the  compound  helicopter  category  that  was  planned  for  production  in  the  past  was  the 
Falrey  Rotodyne,  Figure  9.  This  aircraft  also  used  a  pressure  jet  rotor  with  tip  burning.  Another  pro¬ 
duction  prototype  was  the  Lockheed  AH-58  Cheyenne,  Figure  10,  which  used  a  shaft-driven  rotor  having 
blades  without  flap  or  lag  hinges  ("rigid"  rotor)  and  a  pusher  propeller  at  the  tail.  Neither  of  these 
aircraft  reached  the  production  stage;  reasons  for  stopping  were  many,  but  cruise  speeds  below  initial 
expectations  and  increased  costs  were  among  the  factors  that  influenced  the  final  decisions. 

A  unique  rotorcraft  configuration  that  iB  sometimes  classified  as  a  compound  is  the  Sikorsky  Advancing 
Blade  Concept  or  ABC*.  Two  rigid,  counterrotating,  coaxial  rotors  are  utilised  for  lift  rather  than  a 
single  main  rotor  plus  wing.  The  lift  potential  of  the  advancing  blade  may  be  realized  because  of  the 
stiffness  of  the  blades  and  the  counterbalancing  of  the  two  rotors,  Figure  11.  Lift  capability  of  the  ABC 
Increases  with  speed,  unlike  that  of  a  conventional  helicopter  rotor.  The  concept  has  been  proven  by  the 
XII-59A  research  aircraft  shown  in  Figure  12.  Again,  two  turbojet  engines  wore  employed  for  propulsion. 
This  aircraft  reached  240  knots  in  level  flight  and  exceeded  280  knots  in  descent.  The  ABC  provides  a 
particularly  compact  and  maneuverable  vehicle  that  should  be  well  suited  to  nap-of-the-earth  operations 
or  to  an  air  -to-air  combat  role . 


TILT-ROTOR  AIRCRAFT 


The  tilt-rotor  aircraft  is  a  concept  not  usually  associated  with  Sikorsky  Aircraft,  but  we  have  made  a 
number  of  serious  studies  of  it.  As  shown  in  Figure  13,  two  lifting  rotors,  mounted  from  pods  at  the  wing 
tips,  tilt  forward  90  degrees  to  convert  the  aircraft  to  a  "conventional"  airplane  with  oversiied  propellers, 
with  the  wing  supplying  100  percent  of  the  lift  in  cruiso.  The  cruise  speed  and  lift-drag  ratio  can  exceed 
those  of  a  pure  helicopter  by  a  significant  margin.  For  long-range  operations,  it  can  have  attractive 
characteristics.  A  more  advanced  variant  of  the  tilt  rotor  is  one  which  stops  and  folds  the  rotor  blades 
in  cruise,  relying  on  other  propulsive  means,  such  as  a  convertible  fan-shaft  engine,  in  high  speed 
ruise.  A  Sikorsky  design  of  this  type  is  shown  in  Figure  14. 
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An  early  experimental  tllt-rolor  aircraft  was  tha  Ball  XV-3,  Pleura  15;  a  more  mortem  counterpart  la 
tha  Bell  XV-18 ,  Figure  It.  This  aircraft  haa  achieved  epeeda  of  approximately  too  knot*  (556  km. /hr.). 
Now  In  tha  prototype  fabrication  stage  la  the  much  larger  BeU-Boelri*  V-lt  Oeprey,  intended  to  be  the 
first  practical  application  of  tha  tilt  rotor  concept. 

X-WINQ 


A  relatively  new  configuration,  juat  reaching  the  exploratory  flight  teat  stage,  la  the  Navy  X-Wlng 
Concept.  Under  NASA  and  DAHPA  sponsorship ,  Sikorsky  Aircraft  is  developing  an  X-Wing  rotor,  which 
will  be  tested  extensively  on  the  NASA  Botor  Systems  Research  Aircraft,  shown  In  Figure  IT.  An  artist's 
concept  of  a  possible  military  application  la  shown  in  Figure  il.  The  X-'4ing  utilises  a  shaft-driven  four- 
bladed  rotor  with  extremely  stiff  blades.  It  takes  off  hke  a  conventional  helicopter  but  haa  auxiliary 
propulsion  or  convertible  fan/shaft  engines  that  will  permit  it  to  reach  high  forward  apeeda  with  the 
rotors  turning.  At  a  suitable  conversion  speed,  on  the  order  of  100  knots  (571  km. /hr.),  the  rotor  is 
braked  to  a  stop  and  positioned  with  two  blades  swspt  forward  45  dsgrees  and  two  swept  aft  45  degrees. 
The  blades  sre  symmetrical  fore-and-aft  and  utilise  pneumatic  control  of  a  thin  )ct  of  pressurised  air  out 
of  the  leading  and  trailing  edges  of  the  blade,  as  shown  in  Figure  It.  to  provide  circulation  control  to 
maintain  full  rotor  lift  in  all  flight  regimes.  Photographs  of  one  of  the  experimental  blades,  and  of  the 
pneumatic  valving  system  in  the  hub  for  aaimuthal  control  of  the  air  supply,  are  shown  in  Figures  10  and 
21  respectively.  The  X-Wing  is  potentially  capable  of  flight  speeds  in  the  400  to  500-knot  range  (T41  to 
927  km. /hr.).  Thla  configuration  would  not  be  possible  without  aorae  of  the  technology  advances  men¬ 
tioned  earlier  —  specifically  high  modulus  graphite  composite  materials  to  provide  the  required  stiffness 
at  acceptable  weights,  and  s  sophisticated  quad-redundant  digital  flight  control  system  to  handle  the 
pneumatic  valves  and  other  onboard  systems  that  an  unassisted  human  pilot  would  not  be  able  to  cope 
with.  It  is  a  good  illustration  of  the  point  that  advancing  technology  can  change  the  relative  merits  of 
various  concepts. 

STOWED  ROTOR  AIRCRAFT 


The  ultimate  in  high-speed  rotorcraft  is  probably  the  stowed  rotor  configuration,  which  uses  a  con¬ 
ventional  wing  to  provide  all  lift  in  the  cruise  mode,  after  stopping  the  rotor  and  stowing  it  away  in  the 
top  of  the  fuselage.  Ideally,  the  wing  is  optimised  for  cruise  and  the  overall  drag  Is  as  low  as  for  an 
equivalent  sise  fixed-wing  aircraft.  Once  the  rotor  is  stowed,  high  subsonic  speeds  Bhould  be  readily 
available;  it  should  even  be  possible  to  design  for  supersonic  capability  if  the  mission  demands  it. 

Figure  22  shows  a  Sikorsky  conceptual  design  of  such  an  aircraft. 

The  stowed  rotor  concept  has  not  yet  reached  the  flight  test  stage.  A  large-scale  model  of  a  Lockheed 
three-bladed  stowed  rotor  concept.  Figure  23,  was  once  tested  in  the  NASA  Ames  40-by-80-foot  wind 
tunnel.  Rotor  stops  and  starts  were  achieved  at  wind  tunnel  speeds  as  high  as  140  knots  (259  km. /hr.), 
but  this  test  also  demonstrated  that  blade  aeroelastic  deformations  and  aircraft  pitch  and  roll  moment 
disturbances  were  of  considerable  concern.  Early  Sikorsky  scale  model  wind  tunnel  tests  of  a  rotor 
designed  for  a  stowed  rotor  configuration  showed  that  the  blade  aeroelastic  deformations  that  occur  when 
stopping  the  rotor  in  flight  could  be  extreme,  constituting  a  critical  problem  for  this  configuration.  These 
tests  also  revealed  excessively  large  aerodynamic  moments  In  simulated  gust  conditions  that  would  upset 
the  aircraft  equilibrium  and  place  severe  demands  on  the  elevator  and  aileron  controls. 

Increasing  the  design  disk  loading  of  a  stowed  rotor  concept  is  one  approach  to  reducing  the  aero¬ 
elastic  and  control  disturbance  problems,  because  this  results  in  shorter  but  wider-chord  blades.  A  much 
more  positive  solution,  however,  is  to  use  an  inflight  variable  diameter  rotor  which  reduces  blade  length 
substantially  prior  to  stopping,  as  shown  in  the  conceptual  model  in  Figure  24.  The  feasibility  of  this 
approach  was  established  by  Sikorsky  with  a  four-bladed,  nine-foot  diameter  dynamically-scaled  model 
which  could  be  varied  rapidly  in  diameter  at  full  rotational  speed  at  the  operator's  discretion,  down  to 
about  5.5  feet.  This  model,  shown  in  Figure  25,  utilised  a  differential  gear  set  inside  the  rotor  head 
and  a  jackscrew  inside  each  telescoping  blade  to  achieve  the  desired  control.  At  minimum  diameter,  the 
rotor  waa  easy  to  stop  or  start  without  either  aeroelastic  or  aircraft  control  disturbance  problems.  The 
roodol  demonstrated  diameter  changes,  stops,  and  starts  at  forward  speeds  up  to  ISO  knots  (278  km. /hr.) 
true  airspeed.  Fore-and-aft  blade  positioning  was  also  demonstrated  to  verify  ease  of  folding  for  subse¬ 
quent  retraction  into  a  fuselage.  At  minimum  diameter  with  the  rotor  turning,  teats  were  also  conducted 
to  400  knots  (741  km. /hr.)  true  airspeed  to  investigate  applicability  to  a  very  high  speed  compound 
helicopter  configuration.  The  program,  which  was  supported  by  the  U.S.  Army,  was  continued  with  a 
successful  laboratory  test  of  a  full-scale  blade  jackscrew  mechanism. 

Although  the  variable-diameter  rotor  program  results  were  positive,  with  essentially  all  technical 
objectives  achieved,  there  was  a  reduced  level  of  customer  interest  in  any  high  speed  aircraft  at  that 
time,  and  the  program  did  not  proceed  to  a  flight  test  for  that  reason. 

FUTURE  TRENDS 


As  described  in  the  Introduction,  all  configurations  will  benefit  from  modern  technology,  particularly 
from  the  use  of  advanced  composite  materials.  I*  ia  likely  that  all  of  the  concepts  described  would  be 
viable  for  some  missions  compared  to  helicopters,  but  it  is  not  likely  that  they  are  equal  in  overall  merit. 
In  the  current  economic  climate,  it  is  quite  improbable  that  all  of  the  configurations  will  be  resurrected 
for  a  new  attempt  at  developing  on  advanced  vehicle  for  production.  Although  it  is  not  the  purpose  of 
this  paper  to  predict  which  configurations  will  be  winners  In  the  near  future,  a  brief  critique  of  each  is 
offered. 

Of  the  various  high  speed  rotorcraft  configurations,  the  one  with  the  least  technical  risk  is  the 
compound  helicopter.  There  have  been  about  a  doien  different  compound  configurations  flown  with  at 
least  four  distinctly  different  rotor  configurations  (articulated,  teetering,  "rigid",  and  ABC).  All  were 
technically  successful  to  various  degrees.  Tha  risk  of  the  compound  is  the  one  of  economic  viability. 

Tho  speed  potential  is  limited  to  about  250  knots  (483  km. /hr.),  primarily  because  the  drag  of  the 
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exposed  rotor  head  Dakar  It  too  inefficient  at  higher  speeds.  Tha  drive  train  complications  caused  by 
the  naad  for  an  RPM  reduction  at  high  flight  apaada.  to  avoid  excessive  Maoh  numbers  on  the  advancing 
blade,  also  contribute  to  it  being  less  attractive  beyond  ISO  knots.  The  weight  of  a  wing  and  auxiliary 
thrust  system  reduces  the  payload;  the  added  drive  train  components  of  the  thrust  system  Impacts 
reliability  and  maintainability.  Weight  is  the  chief  concern;  does  the  Increased  speed  make  up  for  the 
loss  of  payload?  The  answer  in  tnr  past  has  always  been:  not  quits.  In  the  future,  the  answer  will 
probably  be  yes.  The  compound  has  one  large  advantage  over  the  other  types,  whioh  is  that  nearly  any 
existing  hslioopter  oan  be  compounded.  It  should  be  considerably  more  rapid  and  lees  expensive  to 
develop  a  compound  derivative  of  a  production  helicopter  than  to  design  an  entirely  new  aircraft  from  the 
ground  up.  as  required  for  the  other  types  discussed.  For  this  reason,  It  is  considered  likely  that  one 
or  more  compound  helicopters  will  be  developed  to  meet  various  needs  in  the  future  where  maximum  speeds 
of  200  to  2S0  knots  (Ml  to  402  km. /hr.)  are  adequate. 

The  tilt  rotor  concept  appears  to  be  alive  and  well,  with  the  V-12  development  program  in  progress. 
The  tilt  rotor  unquestionably  has  some  attractive  attributes,  and  it  Is  considered  likely  that  this  type  will 
capture  some  portions  of  the  rotorcraft  market  in  the  future.  Some  enthusiasts  claim  that  the  tilt  rotor  will 
displace  helicopters  almost  completely.  This  is  highly  unlikely,  because,  like  all  other  configurations,  it 
has  a  few  poor  attributes  as  well  as  good  ones.  Like  aL  of  the  high  speed  rotorcraft.  it  suffers  a  penalty 
in  useful  load  fraction  relative  to  the  helicopter,  and  thus  is  handicapped  at  shorter  ranges  where  its 
speed  advantage  may  not  be  significant.  Another  drawback  is  its  disk  loading,  whioh  appears  to  be  on  a 
trend  that  is  double  that  of  conventional  helicopters,  as  shown  in  Figure  24.  As  disk  loadings  increase, 
so  do  the  downwash  velocities.  The  side-by-side  rotor  arrangement  also  causes  an  Interference  effect  when 
hovering  in  ground  effect.  Two  pronounced  fountains  of  air  form  and  rise  to  considerable  altitude,  ahead 
of  and  behind  the  aircraft  in  the  plane  of  symmetry.  This  flow  will  tend  to  throw  sand  and  other  debris 
into  the  rotors  and  to  obscure  tho  pilot's  vision  when  opersting  from  unprepared  areas. 

The  tilt  rotor  has  other  limitations.  Using  the  same  rotors  for  lift  in  hover  and  for  propulsion  in 
cruise  requires  a  compromise  because  of  the  large  difference  in  thrust  required  for  those  two  conditions. 

The  rotor  tends  to  be  undersised  for  hover  and  much  too  large  In  cruise.  The  location  of  the  rotors  at 
the  tips  of  a  wing  result  in  potential  aeroelastic  Instability  and  vibration  modes  that  must  be  avoided. 

The  tUt  rotor  can  accelerate  through  its  conversion  to  cruise  very  rapidly,  but  la  not  nearly  as  good  when 
decelerating  back  to  a  hover.  It  is  cumbersome  in  low-speed  maneuvers  compared  to  most  helicopters. 

Despite  the  list  of  disadvantages,  the  tut  rotor  Is  beUeved  to  be  a  good  choice  for  missions  where 
high  speed  and  long  range  are  frequent  requirements.  There  are  also  modifications  to  the  tut  rotor  con¬ 
cept  which  can  provide  significant  improvements.  One  of  these  is  the  use  of  s  variable  diameter  rotor, 
as  shown  in  Figure  27.  This  serves  as  a  means  of  reducing  disk  loading  down  toward  the  more  desirable 
conventional  helicopter  values,  and  eUmlnates  the  mismatch  between  hover  and  cruise  thrust  by  reducing 
blado  area  and  tip  speeds  without  changing  the  RPM.  Whtte  it  adds  complexity,  the  performance  and  other 
benefits  are  substantial. 

The  next  configuration  on  the  Ust  la  the  X-Wing.  This  concept  promises  superior  capabilities  once 
it  is  fuUy  developed.  The  X-Wing  is  introducing  a  number  of  advanced  technologies,  including  ultra¬ 
stiff  composite  rotor  blades,  circulation  control  aerodynamics  with  both  leading  and  traUing  edge  blowing, 
multicycUc  pneumatic  vibration  control,  a  quad-redundant  digital  flight  management  system,  the  necessary 
systems  for  In-flight  rotor  stops  and  starts,  and  several  other  novel  design  features.  The  concept 
development  program  is  now  reaching  the  flight  test  stage;  production  prototype  development  is  expected 
to  follow.  An  artist's  sketch  of  an  advanced  X-Wlng,  available  some  time  after  the  year  2000,  is  shown 
In  Figure  28. 

The  future  of  the  stowed  rotor  is  uncertain  at  this  time,  because  there  are  no  currently  active 
development  programs.  From  the  long-range  viewpoint,  however,  it  seems  probable  that  It  will  eventually 
be  developed  as  an  ultra  high  speed,  low  disk  loading  VTOL,  The  success  of  the  variable  diameter  rotor 
concept  ia  believed  to  be  a  key  element;  all  other  aspects  are  relatively  straightforward.  A  possible  design 
of  this  aircraft  type  is  shown  in  Figure  29.  Like  the  rest  of  the  concepts,  the  stowed  rotor  has  its  share 
of  drawbacks.  In  addition  to  the  weight  concerns  shared  with  the  rest,  it  requires  a  relatively  high 
degree  of  mechanical  complexity,  with  a  corresponding  concern  for  reliability  and  maintainability.  Because 
the  rotor  is  not  used  at  all  ir.  cruise,  it  is  also  not  accumulating  any  fatigue  cycles  for  the  largest  portion 
of  its  flight  time.  Whether  this  fully  compensates  for  the  added  partB  is  uncertain.  The  trend  in  fixed- 
wing  aircraft  is  that  mechanical  complexity  has  increased  steadily  over  the  years;  this  seems  to  be  the 
price  of  Improved  performance.  If  this  is  true  for  rotorcraft,  then  the  stowed  rotor  could  be  very 
successful. 

All  of  the  high-speed  rotorcraft  configurations  still  have  to  compete  with  the  conventional  helicopter 
for  most  mission  applications.  This  will  not  be  easy  to  do,  as  discussed  briefly  in  the  Introduction. 
Although  it  is  true  that  the  air  vehicle  empty  weight  is  reduced  substantially  by  composite  materials  and 
other  advanced  technologies,  there  is  also  constant  pressure  from  the  users,  pal ticularly  military  customers, 
to  add  special  equipment  packages  and  features  to  enhance  the  mission  capabilities,  Improve  reliability  and 
maintainability,  decrease  vulnerability  and  detectability,  improve  crashworthiness,  etc.  These  demands  all 
add  weight,  tending  to  negate  the  technology  Improvements  that  lowered  the  baaic  empty  vehicle  weight. 

The  weight  savings  benefit  the  high  speed  vehicles  the  most;  features  thst  add  weight  will  penalize  them 
more  than  the  helicopter. 

A  comparison  of  typical  payload  fractions  for  an  advanced  300-knot  (SSt  km. /hr.)  rotorcraft,  a  180- 
knot  (334  km. /hr.)  helicopter  of  comparable  technology  level,  and  a  500-knot  (927  km. /hr.)  conventional 
airplane  is  shown  in  Figure  30.  Relative  to  the  airplane,  both  of  the  others  suffer  a  payload  penalty  at 
aero  range,  with  the  faster  vehicle  having  the  larger  penalty.  Because  the  pure  helicopter  has  a  cruise 
efficiency  (equivalent  lift  drag  ratio)  significantly  less  than  the  airplane,  the  additional  fuel  consumed 
results  in  the  payload  penalty,  relative  to  the  airplane,  lncresaing  with  range  as  shown.  The  300-knot 
rotorcraft  is  assumed  to  be  more  efficient,  approaching  the  lower  fuel  consumption  of  the  airplane,  so  the 
payload  difference  between  the  two  rotorcraft  narrows  with  Increasing  range. 
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For  any  transport  million  (deUvering  people  or  cargo),  an  important  measure  of  effectiveness  ie 
productivity,  defined  as  payload  tlmss  block  speed.  Because  large  aircraft  can  carry  more  payload  than 
small  ones,  it  is  necessary  to  divide  productivity  by  aircraft  weight  to  determine  the  relative  efficiency  of 
the  aircraft.  Aircraft  coat  tends  to  be  proportional  to  empty  weight;  a  simple  but  reasonably  accurate 
representation  of  transport  cost  effectiveness  is  payload  times  block  speed  divided  by  empty  weight.  This 
productivity  parameter  is  plotted  in  Figure  31  for  the  three  aircraft  in  question.  The  airplane  has  the 
best  payload  fraction  and  highest  speed  and  far  outatrips  the  others  at  the  longer  ranges,  At  short 
ranges  the  time  spent  in  traffic  patterns  and  taxiing  reduces  the  block  epeed  of  the  airplane  substantially. 
The  rotary  wing  vehicles  have  much  smaller  unproductive  time  penalties,  and  their  block  speeds  exceed 
that  of  the  sirplano  to  significant  ranges.  At  short  ranges,  tha  productivity  parameter  of  the  helicopter 
is  superior  to  that  or  tha  airplane,  and  also  to  that  of  tha  300-knot  rotorcraft  for  ranges  up  to  more  than 
10U  nm.  At  long  ranges,  the  300-knot  rotorcraft  surpasses  the  helicopter  slightly,  but  falls  far  short  of 
the  airplane.  The  helicopter  is  the  aircraft  of  choice  at  short  ranges  whether  VTOL  capability  is  required 
or  not.  The  high  speed  rotorcraft  will  be  the  drcraft  of  choice  only  at  long  ranges  when  VTOL  capability 
is  mandatory,  or  when  the  value  of  speed  outweighs  the  negative  economic  Impact.  In  any  case,  the  year 
2000  is  no  longer  very  far  away;  simple  economics  will  dictate  that  most  rotorcraft  in  that  year  will  be 
existing  production  helicopter  types  or  derivatives  of  current  models. 

HBAVY-LIFT  HELICOPTERS 


Up  to  this  point,  only  the  increased  speed  potential  of  rotorcraft  has  been  discussed;  the  second 
possible  direction  of  growth  is  increased  sise.  The  maximum  gross  weight  trend  of  helicopters  as  a  func¬ 
tion  of  time  is  shown  in  Figure  32.  Two  lines  are  shown;  one  for  Western  nations,  and  one  for  the  USSR, 
which  clearly  has  a  lead  in  helicopter  sise  over  the  rest  of  the  world.  Their  lead  in  payload  capability 
and  productivity  is  not  so  striking;  Western  helicopters  tend  to  have  lower  empty  weight  fractions  and 
thus  higher  payloads  for  any  given  gross  weight.  It  is  of  interest  to  note  that  the  current  largest  pro¬ 
duction  Soviet  helicopter,  the  Mil-26,  Figure  33,  is  considerably  smaller  than  its  predecessor,  the  Mil-12, 
Figure  34,  introduced  a  decade  earlier.  After  experimenting  with  super  large  helicopters,  the  Soviets 
apparently  have  concluded  that  a  smaller  sise  vehicle  is  more  practical. 

The  largest  current  helicopter  in  the  Western  world  is  the  Sikorsky  CH-53E,  Figure  33,  with  a  rotor 
diameter  of  79  feet  (24  m),  gross  weights  up  to  73,500  lb.  (33,300  kg.)  and  maximum  payloads  of  16  tons 
(14,500  kg).  Larger  helicopters  have  been  contemplated.  The  U.S.  Army  Heavy  Lift  Helicopter  (HLH) 
program  for  a  substantially  larger  vehicle  was  initiated  in  the  1970's  but  terminated  before  an  aircraft  wbb 
completed.  At' present,  the  U.S.  Army  is  formulating  plans  for  an  Advanced  Cargo  Aircraft  (ACA)  which 
will  also  be  a  large  helicopter,  but  with  the  exact  payload  and  operational  requirements  still  in  the  process 
of  being  defined. 

There  is  an  economic  problem  that  must  be  dealt  with  when  planning  a  heavy-lift  helicopter.  If  it  is 
sized  to  carry  the  largest  payload  items  that  the  user  might  ever  want  to  transport  by  air,  then  it  haa  to 
be  extremelv  large.  Development  costs  will  be  very  high,  and  because  of  high  unit  production  costs,  the 
number  of  ircraft  that  can  be  afforded  will  be  low,  resulting  in  a  high  development  amortltatlon  cost  per 
aircraft  a . ,..h  drives  unit  costs  stlU  higher. 

Another  problem  is  that,  although  the  theoretical  productivity  of  a  fully  loaded,  very  large  heUcopter 
can  be  <■-  good  or  better  than  that  of  smaller  siie  helicopters,  the  theoretical  productivity  is  almost  never 
ecM’v  .  Most  payloads  will  be  substantially  lighter  than  the  maximum,  so  that  the  aircraft  seldom  will  bo 
loa.  A  japaclty .  Sikorsky  Aircraft  is  currertly  studying  the  spectrum  of  probable  payloads  to  be 
carrv  large  military  helicopters.  One  result  is  shown  in  Figure  36,  which  compares  theoretical  and 

avera(  ual  productivity  (defined  Bomewhat  differently  than  in  the  earlier  example)  as  a  function  of 

design  uid.  The  highest  achieved  productivity  is  obtained  for  an  aircraft  having  a  design  payload 
const  Co.  smaller  than  for  the  maximum  of  the  study;  the  smaller  aircraft  is  twice  as  cost-effective  as 
the  larger  one.  Unfortunately,  the  smaller  aircraft  cannot  pick  up  the  very  large  loads  occasionally 
required. 


The  solu''  it  to  this  dilemma  is  to  use  two  (or  more)  helicopters  rather  than  one  to  pick  up  the 
occasional  "O'  heavy  load.  Just  as  two  or  more  persons  frequently  cooperate  to  carry  something  too 
heavy  for  one  helicopters  can  also  coopercte  in  a  similar  fashion.  The  use  of  helicopter  twin  lift  is  quite 
an  old  ides  end  has  had  occasional  but  never  routine  use.  Figure  37  shows  a  demonstration  experiment 
conducted  '  Ukorsky  in  1970,  where  two  CH-54  Skycrane  helicopters  picked  up  a  load  of  20  tons 

(18.140  kg.  ..ell  beyond  the  capacity  of  either  helicopter  alone.  The  experiment  was  very  conservative 

in  that  the  spreader  bar,  designed  to  keep  the  two  helicopters  well  separated,  was  very  long,  with  the 
result  that  the  spreader  bar  weight  was  relatively  heavy  and  the  overall  dimensions  were  large.  Each 
helicopter  was  independently  piloted,  with  voice  communication  the  only  contact  between  the  two.  The 
pilot  workload  was  higher  than  desirable,  and  it  was  concluded  that  a  "master-slave"  control  system,  where 
the  "slave"  helicopter  is  automatically  controlled  and  stabilised  by  the  normal  control  inputs  by  the  "master" 
pilot,  would  be  needed  in  order  to  make  the  operation  practical. 

With  modern  digital  flight  control  technology,  the  master-slave  concept,  including  overall  system 
stabilisation,  should  be  readily  achievable,  reducing  pilot  workload  and  allowing  much  more  compact  dimen¬ 
sions  as  well.  The  preferred  solution  to  the  heavy  lift  requirement  would  use  twin  lift  for  that  small 
percentage  (one  or  two  percent)  of  missions  where  the  heaviest  loads  must  be  carried,  and  use  each  heli¬ 
copter  individually  for  the  much  larger  number  of  esses  where  the  load  is  considerably  smaller.  Figure  38 

Illustrate*  the  use  of  two  19-ton  (17,200  kg.)  payload  helicopters  to  pick  up  a  35-ton  (31,700  kg.)  * - ,'md. 

The  very  large  helicopter  is  inefficient  for  average  sised  loads;  it  will  be  unaffordable  for  that  reason,  a 
moderately  large  helicopter,  incorporating  modern  technology  to  achieve  excellent  payload  to  gross  weight 
fraction,  is  a  much  better  choice.  Despite  somewhat  reduced  cruise  speeds  in  the  twin  lift  mode  and  the 
loglar'cs  of  having  the  spreader  bar  available  where  needed,  higher  achieved  productivity  and  substantially 
lower  costs  will  result.  By  the  year  2000,  the  twin-lift  technique,  which  can  effectively  double  the  lift 
potential  of  any  sise  heUcopter,  should  be  in  fairly  widespread  use. 


CONCLUSIONS 


1)  The  advantage!  of  low-disk-loading  rotororaft  vta-a-via  high-dlsk-loading  V'OL  oonoapta  are  funds 
mental)  rotororaft  are  liar*  to  stay. 

2)  The  pure  helicopter  la  alto  hero  to  stay,  because  of  tta  unexcelled  payload  and  productivity  com¬ 
pared  to  high,  apaad  rotororaft  typea  at  ahort  range*.  Economic  factor*  will  dictate  that  moat  rotororaft 
in  the  year  2000  will  be  extatlng  production  helicopter  type*  or  derivative*  of  preaant  model*. 

3)  Many  hlgh-apaad  rotororaft  experiment*  have  been  tried  in  the  peat,  but  none  of  the  concept* 
aurvlvad  to  tha  production  atage.  The  primary  reaaon  tor  thla  1*  believed  to  be  the  relatively  poor 
economic!  of  the  vehlclaa  Investigated ,  with  the  then -available  technology  levels. 

4)  New  technology  can  be  applied  to  tmprove  the  attributes  of  advanced  rotororaft \  some  configurations 
will  be  much  more  competitive  than  they  were  originally,  and  new  types  ere  made  feasible. 

5)  Configurations  believed  potentially  viable,  in  order  of  increasing  maximum  potential  speeds,  are  the 
compound  helicopter,  the  ABC,  the  tilt-rotor,  the  X-Wing,  and  the  stowe d-rotor. 

6)  The  need  for  very-heavy-lif;  helicopters  can  boat  be  satisfied  by  developing  a  modern,  moderately 
large  helicopter  that  can  Ilf;  moat  but  not  all  of  the  desired  payloads.  To  lift  the  relatively  rare  heaviest 
loads,  a  twtn-llft  technique  should  be  utilised.  Substantial  efficiency  gains  and  cost  savings  will  result. 
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SUMMARY 

The  next  generation  of  nil itary  helicopter*  have,  to  f ly  under  nigiu  ami  advaria  waather  condition!  below 
top  tree  level.  Cornier  System  started  15  years  ago  to  develop  avionic  system  with  a  performance  which 
allow  the  pilots  to  fly  the  new  missions,  tn  the  Oo'niar  baseline  d'sptay  cockpit  concept  the  first  steps 
of  «  Helicopter  Management  Systee  (HMS)  wiil  be  realized.  This  paper  will  discuss  the  mein  sspecis  of  the 
system.  Its  main  psrts  ere  the  Cornier  AYA  mission  planning  system  on  the  ground  end  the  HMS  onboard  the 
helicopter,  fne  basic  functions  of  the  system  will  ba  explained. 

The  main  point,  is  to  use  the  same  performance  data  base  on  the  ground  as  in  the  helicopter.  This  data  will 
be  the  performance  data  aet  for  the  helicopter  Flight  Manuals. 


1.  INTRODUCTION 

The  electronic  'glass'  cockpit  has  prvved  its  worth  in  ti,»  past  years  and  there  neve  been  significant  im¬ 
provements  in  reliability,  meinteinebil it.y  and  aifereft  availability  with  cathode  ray  tubes,  CRT's. 
Performance  data  computers  were  developed  to  look  eneed  end  optimize  fuel  use  and  trajectories  to  guide  the 
aircraft.  In  the  lete  1970's  the  development  of  digital  Flight  Menegement  systems  was  initiated  for  various 
aircraft.  It  is  possible  now  to  establish  the  onboard  computer  capeetty  that  is  necessary  tor  flight  and 
parformanca  management  systems  end  the  considerable  onboard  date  bases  that  could  aid  the  crew  in  mission 
conduct,  tactic*  and  vehicle  system  management.  But  advances  should  also  te  wade  or.  the  sensor  side,  for 
example  with  wind  sensors  end  weight  sensors  in  the  lancing  gear  for  load  control. 

Domier's  flight  tests  [1]  cover  Fly  By  Wire  control.  Pilot  Night  Vision  end  Integrated  Avionics.  In  the 
NSC  Program  (Nachtsichtcockpit ,  Night  Vision  Cockpit)  the  main  points  of  investigation  besides  Night  Vision 

ere 


Controls  end  CRT  Displays  (symbology,  optical  and  acoustical  warnings) 
Navigation  (integration  of  map  displays  e.g.). 


2.  CONCEPT  OF  A  HELICOPTER  MANAGEMENT  SYSTEM  (HMS) 

A  Helicopter  Management  System,  HMS,  has  been  conceived  utilising  Dornier  ground  mission  planning  activi¬ 
ties,  advanced  cockpit  studies  end  night  vision  flight  tests. 


Fig.  1 
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The  (round  bated  part  of  the  ijntM  It  used  to  conduct  mission  planning  tn  t  very  quick  end  convenient  way 
( AFA ) .  The  onboard  i>itn  part  1*  to  be  utad  for  miasion  planning  and  alto  for  apectal  replanning,  pertorm- 
ance  management  and  aircraft  aonltortng.  Appropriate  new  tenaora  ere  needed, 
fig.  1  i howl  the  concept  In  general. 

The  HKS  ahall  rational  da,  autoplze  and  optlelte  planning  and  dlapoaltlonlng  on  the  ground  and  Inflight.  It 
ahall  reduce  workload  too.  Helpful  to  thta  it  an  Infornatlon  end  oonitoring  concept  baaed  on  the  cockpit 
Infonaatlon  requl reeanta . 


Fig.  2 
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3.  SYSTEM  FUNCTIONS,  DATA  BASE 

Main  functions  .and  data  bate  of  the  AfA.  the  ground  bated  part  of  the  system 

The  helicooter  computerized  nlaalon  planning  ayatea  AFA  calculator  the  elation  feaalblllty  baaed  on  the 
assumed  flight. 

Hith  stored  infornatlon  on  the  tactical  threat  altuation  and  the  required  elation  or  teak 

-  the  flight  track  la  calculated  automatically  and  very  quickly.  The  AFA  hardware  coaprliea  a 

o  high  resolution  colour  raater  display  for  the  dialogue  and  graphic  display  of  the  planning 
results 

o  video  hardcopy  unit  for  docueantation  of  the  planning  results 

o  nap  digitizer  for  the  staple  extraction  of  co-ordinates  froa  naps  of  different  scales  and  for  the 
provision  of  a  nonce  field 

o  computer  with  east  atcraga,  to  carry  out  flight  track,  tine  and  fuel,  and  navigational  calcula¬ 
tions  for  various  alssion  tyyzs 
o  printer  for  alphanumeric  output  and  a 
o  nlaalon  data  output  device 

Furthermore 

-  coordination  of  coafciucd  operation  in  the  target  area  is  possible 

-  opMnlzatlon  of  the  fuel  consumption  in  peace  tine  can  be  done 

-  the  nistlcn  data  output  device  for  the  electronic  storage  of  the  planning  results  on  a  nission  nenory 
device  (MOT)  can  be  used  to  store  the  data  in  the  aircraft. 

The  so-called  long-lead  data  coapriset  the  following, 

-  weapons  system  data  consisting  of: 

o  description  of  the  aircraft  configuration  (conventional  loads) 
o  description  of  the  engine  configuration 
o  weapon  data  base,  etc. 

o  airfields:  storage  of  the  nein  airfield  data  which  can  be  called  up  during  the  planning  for  take¬ 
off;  lending,  or  emergency  lending 

o  nagnetic  variation  data  (declination)  for  calculating  th*  magnetic  course  correction 
o  point  data:  storage  of  data  describing, among  others,  TACAN  stations,  beacons,  contact  points,  and 
several  thousand  geographical  points.  These  points  can  be  callad  up  in  the  planning  as  naviga¬ 
tional  fix  points. 

o  routes:  storage  of  route  segments  which  can  be  called  up  as  inerts  of  the  total  flight  track, 
o  nap  data:  description  of  any  kind  of  naps  having  the  scale  ur  1:50,000,  1:100,000,  1:250,000, 
1:500,030  and  1:1,000,000.  For  the  planning,  these  data  can  be  used  for  adjusting  the  desired 
planning  map  on  the  nap  digitizer. 

-  AFA  data  comprising 

o  equipment  configurations 
o  software  configurations 

aanttfrornit  fwsHfri.  bin 

The  Managenent  System  onboard  the  helicopter  oust  reduce  the  workload  of  the  crew,  help  In  the  planning 
and,  forecasting  end  it  must  optimize,  inform  and  monitor. 

Five  main  tasks  of  the  HKS  can  be  identified. 

To  fulfill  these  tasks  basic  performance  calculations  art  necessary  to  obtain  the  flight  track  or  flight 
path,  flight  durations  and  fuel  consumption  etc. 
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Fig.  3 
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2.  ACTION  INSTRUCTIONS,  CHECKLISTS 

•  MISSION  MODE  CHANGE  (AUTOM.) 

•  ON  DEMAND 

•  BY  WARNING  &  CAUTION  SITUATIONS 

3.  MONITORING  FLIGHT  /  MISSION  STATUS 

4.  ADDIT.  INFORMATIONS  E.G. 

•  MAX.  TORQUE  AVAILABLE 

•  MAX.  CLIMBING  SPEED 

•  MAX.  DESCENDING  SPEED 

5.  FLIGHT  PATH  CALCUL  FOR  FLIGHT  DIRECTOR 


0»u  aodai 

Th«  following  Librarian  ara  necessary  for  this, 

-  Performance  Data  and 

-  Navigation  Data,  point  data,  a.g. 

•  landing  araas  with 

o  foal  and  aawunition  supply 
o  navigational  aids 
o  landing  aids 
o  rapair  facilities 

•  hospitals,  actual  threat  araas 
a  restricted  araas. 

An  adaptad  sensor  concept  oust  be  foreseen  to  get  the  right  systao  inputs  with  a  suitable  accuracy. 

The  mein  point  in  the  proposed  HNS  concept  is  to  have  an  identical  helicopter  performance  data  set  in  the 

AFA  mission  planning  syataa  on  the  ground  and  in  the  helicopter.  At  far  as  aission  planning  and  replanning 
is  concerned  the  flight  nanual  parforaance  data  base  is  to  be  used  for  this  purpose. 

The  graphs  in  Fig.  4  show  in  principle  how  data  is  aade  available.  The  example  (UH-1DI  gives  fuel  flow 

against  altitude  and  A/C"  velocity  and  Dross  Mass  (0M|.  It  also  shows  power  against  velocity  and  gross  aass, 
and  range  and  endurance  parforaanca  curves. 

The  following  tabla  gives  a  short  coaparison  of  the  main  data  and  planning  features  if  the  WiS  data  base  is 
organized  in  this  way. 


Fig.  4  PERFORMANCE  DATA 


Fig.  5  DATA  BASE 


Helicopter  Management  System 

ABOARD 


GROUND 


O  BROAD 
a  SIMPLE, QUICK 
a  SIMPLE,  CAREFUL 


O  PLAN  DATA  ON 

TACT.  SITUATION 
WEATHER,  PUEL 


i  TIME  SYNCHRONIZED 
PLANNING  OF 
SEVERAL  A/C 


a  SMALLER  LONG  LEAD 

a  UMTTED  CAPABILITY 

a  REPLANNING  CAPABILITY 
DETOURS,  TARGET 
CHANGE 

a  ACTUAL  DATA  ON 
TACT,  SIT,  WEATHER. 
FLIGHT  DURATION 
PERFORMANCE,  FUEL 


\4 


& 
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Onbotrd  »>tn  rsslizstion 

The  onboard  iyitu  functions  srs  shown  by  fig.  6.7. 


FI 9.  6 


System  -  Parts 


fi  9.  7  HMS  In  the  Integrated  System 


PILOT 
C  &  D 


AVIONICS 

& 

A  1C _ 


FLIGHT-MANUAL 

& 

MAJNTEN.  REC. 


GLARE  SHIELD: 
MMP/WP 


DISCRETE 

SWITCH&~ 


DATA  LINK 


MFD  WITH 
0MP/L3K 


Ldmp' 

■— 1 1 

r  _ i 

1  LSK 

1 

CONSOLE. 

DCP 


COE 

•* 

BSM-C 

PMOT 

«# 

cso 

ee 

MANAGEMENT- 

PROGRAM 

OATA  LIBRARY 
•  FLIGHT-  A 
•PERFORM. 

FM- 

DATA 


The  hardware  realization  is  given  by  figure  7.  The  test  vehicle  configuration  has  been  described  in  [1]. 

•  Interface  ground/board 
The  W<S  needs 

-  AFA  elision  plan  data,  loaded  by  a  HOT,  combined  with  threat  situation  data  if  possible  (actual  data) 

-  navigational  points  libraries  (long  lead  and  actual  data) 

-  perfortaance  data  (long  lead  data) 

•  data  storage 

Actual  data  (MDt)  and  long  lead  data  aust  ba  storad  in  a  proper  way  so  that  data  change  is  feasible 

•  Management  part 

This  part  of  the  HNS  will  ba  located  in  the  Bus  Systea  Mission  Controller  or  in  a  separate  box. 

•  Controls  end  Displays,  C  ♦  D 

Interaction  and  coaaunication  between  the  operator  and  tha  HMS  is  to  be  done  by  the  data  input  devices  and 
the  displays,  cathode  ray  tubes  CRT's.  All  displays  are  Multifunction  displays  (fig.  M),  MDF's. 

The  display  cockpit  concept  is  described  in  6. 


4.  TASKS 

ttatoj-EItafal 

The  HMS  »y>te«  aodes:  OPPOSITION,  CHECKLISTS  mist 
be  usable  In  all  flight  phases.  The*,  phases  *r« 


PREFLIGHT 

PRSF 

ENGINE-START 

ENG 

POSTFLIGHT 

POST 

CRUISE 

CRZE 

TRANSITION 

TRSN 

(extended)  HOVER 

HVR 

Fig.  8 


HMS  In  the  Control  Display  Electr.  System 


1* 
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Tha  aaln  tasks  which  have  to  b*  don*  in  th*  HNS-Mod*  «r«  th*  calculations  which  ar*  neccessary  to  deter- 
aine 


•  flight  track 

•  flight  durations  (batwaan  way  points  ate.) 

•  fuel 

•  aission  parforaanca  capabilitias 
as  listed  in  tha  following. 

In  ganaral 

•  plannad,  acutal  position  known 

•  electronic  chart  necessary 

•  points  library  necessary 

•  good  navigational  aids 

Requi reaents : 

•  flight  path  (•*  routs  planning) 

a  flight  tia*  (♦  tie*  planning,  reserves) 
a  flight  part  requireaents 

-  position  actual/planned 

-  destination 

-  flight  path,  way  points,  bases,  intaraediat*  targets 

-  restricted  areas 

-  hospitals 

-  refueling  points 

-  airfields  with  precision  approach  facilities 

•  flight  tiae  requireaents 

-  tiae  for  aission  and/or  to  several  waypoints  at  V,  V-lx,  VMX  range,  VMX  endurance 

-  airspeed  required  depending  on  tiae  planning 

-  tines  of  arrival  possible 

-  tin*  over  target  (d  30  sac  window)  possible 

-  tin*  over  several  waypoints 

-  flight  over  sea:  point  of  return 

-  tia*  on  scene,  loiter  tia*  on  planned  routes 

-  tiae  for  detour 

•  fuel  r-qui reaents 

-  how  far/for  what  tia*  sufficient  fuel  at  V,  V,,  act. 

-  fuel  enough  for  planned  route/plus  flight  to  refueling  point  with  reserves? 

-  r*se: ves 

-  alternatives  to  destination 

-  alternative  altitude,  cl  lab  rate,  fuel  consuaption,  wind  velocities 

-  power  setting,  RPH,  Gross  Height 

a  optiaal  range,  endurance 


Fuel-/Rang*  Optiaizatton  is  possible.  See  fig.  4 

As  a  case  to  illustrate  the  HMS  process  in  its  running,  soae  aspects  of  a  plan  ahead  are  described 
for  (extended)  hover  (e.g.  hot  and  high). 

The  case  could  be: 

-  replanning  or  actual  Inflight  dfspositioning  i.e.  plan  ahead 

-  flight  case  to  calculate:  transition,  hover  hot  and  high  or 

-  hoist  operation  in  hover 

Fig.  9  shows  the  interdependence  of  aission  node  end  actual  display  aode .  The  following  is  an  exa^ile  of 
Inflight  operations. 

-  In  th*  present  aission  aode  CRUISE  th* 

-  copilot  assigns  display  node  HMS  to  MFD  3  (by  th*  Display  Mod*  Panel  of  MFD  3)  and  of 

-  Mission  Mod*  Hover  by  th*  Mission  Mod*  Panel  (WP). 

Now  *  hover  aission  part  can  be  precalculated  or  preplanned  during  th*  Cruise  Mode  by  using  MFD  No.  3.  Data 
inputs  can  be  and*  by  th*  Lin*  Select  Keys  (LSK's),  th*  Data  Entry  Panel*  (DEP's)  end/or  the  Central  Data 
Entry  Panel  (Z«G). 


Fig.  »  DISPLAY  IMAGES  MATA I* 


Disposition  by  th«  basic  function  'Hover1  could  bt  dor*  as  tha  following  figures  show: 


rig.  10 


•  Processing  of  pilot  and  sensor  data  Inputs  and  actual  systea  values  and  results  (GM,  CG-posItion, 
fuel ) 

e  Calculation  of  hover  conditions,  with  Inputs  of  the 

-  probable  wind  velocity 

-  planned  or  estimated  hover  time 

-  altitude 

-  external  load 
can  be  calculated,  if 

-  hover  Halts  can  be  held 

-  CG-llalts  are  held 

-  there  is  enough  torque 

-  dead  Ban's  regions  are  affected. 

e  Results  are 

-  calculated  values  if  Halts  are  not  exceeded 

-  aessages/warnings  If  llaits  not  held,  output  of  the  results  as  checklist  or  values  in  the  VSD, 
HSD. 

Overall  too  down  structure  of  the  Helicopter  Manaaeaent  Systea 

This  coaplex  systea  Helicopter  Manageaent  can  bv  structured 

Into  Us  five  aain  tasks  as  shown 
during  all  aisslon  Bodes,  and 

-  Its  nacessary  basic  tasks  like  the  calculation  of  ‘Hover  Endurance*  and  aleaentary  functions  such  as 
the  coaputatlon  of  ‘Density  Altitude*. 
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Figure  11  shows  this  In  *  top  down  structurn  whllo  fig.  12  lists  dost  of  ths  nscssssry  bsslc  and  elementary 
functions. 


Fig.  11  TASKS  Fig.  12 


'SUBROUTINES'  TO  CALCULATE  PERFORMANCE  (UH-1D) 


LM 

Load  control 

QN-Lia 

Grots  mass  lialtations 

CG-LIm 

Canter  of  gravity  11a. 

Dead 

Dead  men's  zones 

DA 

Density  altttude 

ALCO 

Altitude  Correction 

CALCO 

Calibrated  airspeed  correction 

MTOAVCO 

Max.  Torque  available 

KT0AV30 

Max.  Torque  available,  30*  Limit. 

TOLO 

Take  off,  Lift  off 

LAD1 

Landing  distance 

ENDURA 

Endurance 

FUFLO 

Fuel  flow 

VRS 

Vorttx  ring  state 

All  thus*  functions  snd  data  sat  arc 

-  structured  obligatory  as  the  GAF  T.O.  (GERMAN  AIRFORCE  TECHNICAL  ORDER)  of  HalicoDtar  Flight  manuals 
requires,  they  can  be  modified  and  Interpolated  as  standard  require 

-  usable  In  any  order  as  often  as  necessary  with  standardized  data  exchange  and  siallar  data  bus  Inter¬ 
face  to  store  results  of  planning  and  calculations  If  naccessary  and  possible 

-  bound  Into  the  aonltorlng  concept  recording  to  the  flown  MODE,  as  the  GH/CG-Llmltatlons,  height  air¬ 
speed  Halts,  torque  Halts,  wind  directions,  wind  Halts,  hoist  operation  Halts  etc. 


S.  DATA  AND  SENSOR  ACCURACY 

For  the  airborne  part  of  a  Helicopter  (Perforaance)  Manage Kent  Systea  appropriate  cockpit  and  data  require 
aents  are  necessary.  To  establish  task  flexibility  by  using  all  the  perforaance  potential  of  tha  aircraft 
all  calculations  must  be  done  with  a  proper  accuracy. 

Oetalled  siaulatlon  and  error  aodels  have  to  b.  developed  for  all  the  relevant  sensor  equlpaent  and 
environmental  disturbances  as  a  primary  design  analysis  and  perforaance  assessaent  tool. 

Fig.  13  shows  some  brief  results  from  an  investigation  Into  weight  sensor  accuracy  for  load  control. 


Fig.  13  LOAD  CONTROL  ACCURACY  QMV  CG-SEN30RS I  LOAD  CONTROL 

•  WEIGHT-SENSORS  IN  THE  LANDING  SEAR  NECESSARY 

•  GM  AND  CG-LAT  AONG.  MUST  BE  CALCULABLE, 

ALSO  ON  SLOPES 

•  RELEVANT  ONLY  ERRORS  IN  LAT/LONG-OIRECTION 
(— CG-UMITS) 

CO-ERRORS  LATAONG. 

•  DO  NOT  LEPEND  ON  WEIGHT  A  MARS-DISTRIBUDON, 

•  NEARLY  NOT  ON  ATTITUDE-ACCURACY 
4  DEPEND  ON  WHEEL-BASE 

•  WILL  BE  IN  THE  MAGNITUDE  OF  cm 

•  SENSOR  ACCURACY/ANALYSIS  OF  ERROR 
MARGINS,  TOLERANCES  IS  NECESSARY 


ft 
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6.  COCKPIT  CONCEPT 

Th«  operation  philosophy  of  th«  Dornier  HKS  is  bases  on  using  all  tha  posstbil itiaj  and  advantagas  of  a 
aodern  alactronic  aid  display  cockpit  concept.  Tha  requirement  for  this,  is  the  adaptation  of  all  usabla 
techniques  to  tha  human  operator  to  reduce  pilot  workload.  The  interdependencies  to  be  accounted  for  are 

-  Mission  requirements 

-  degree  of  automatization,  pilot  work  load 

-  cockpit  layout.  Interface  cockpit-operator 


Fig.  14  ELEMENTS  Of  MODERN  COCKPIT  DESIGN 


1  OMvWvaa,  PiMt 

2  lrtsiwm*m  Pfcrtrf 

3  MidcM  Cuntoto 

4  Standby  lr,^fum*«g 

5  Conboh.  Ofcptoy* 

«  Dttpiay  Mod*  PamU 


7  MTD* 

n  Mro  Conbo*  Einwnts 
t  C«M rot  EtamwrtJ  tof 
Sataty  Cntictf  Function* 
to  cou 

11  JCS 


Fig.  IS  MISSION  MODE  PANEL 


0 

mc  •  * 

vroyy — ■-^r« 

m 

|^HOjj 

Isl 

0 

0 

1|T^Ki.^/Aw« 

nrt~  wm 

OtbPlAV  MAIiTFR 

|"cHZ  | 

|tbsw| 

M 

i 

0 

N 

0 

Fig.  14  shows  a  preliminary  overall  view  of  a  possible  cockpit  configuration.  Main  instruments  for  the  con¬ 
cept  are 

-  MFC's,  Multi  Function  Displays  with  the  possibility  to  assign  each  display  foraat  for  any  nission 

■ode 

-  MMP's,  Mission  Mode  panels  by  which  the  images  of  any  mission  node  can  be  assigned  to  any  one  of  the 
several  MFC's,  Fig.  13 

•  DEP's,  data  entry  panels  for  the  input  of  alphanumeric  data  to  initiate  HKS  calculations. 

Monitoring  cf  errors,  malfunctions  etc. 

The  HMS  must  check  if 

pilot  inputs 

-  calculation  results 
sensor  data 

are  plausible.  Cross  check  capabilities  must  be  provided  and  utilized,  as  for  example  comparison  of  several 
sources  of  fuel  data  (fuel  flow  measured  and  fuel  remaining,  calculated  fuel  consumption  and  fuel 
renaiiiing).  The  HMS  must  chack  if  limits  are  exceeded  and  the  monitoring  concapt  must  give  a  notice  or  a 
warning/caution  advice  In  the  MFD-mode. 

The  Dornier  electronic  cockpit  flight  test  background  (Night  Vision  Cockpit)  has  been  described  in  detail 
in  Ref.  [1]. 
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7.  CONCLUSIONS 

4 

The  Cornier  helicopter  performance  management  prel Ininary  design  gives  lose  edventeges  that  ere  listed  In 
the  following  table: 

Know-how  transfer  fro*  a-det /Tornado  AFA's  to  helicopters 
Sees  deta  base  ground/airborne,  results  comparable 

Saws  deta  set  structure  for  several  helicopters  reduces  development  tine 

AFA  mission  planning  system  could  be  standardised  for  all 

-  forces  and  A/C  types 

-  rotor  and  fixed  wing  A/C 

Helicopter  Management  System  furthermore 

-  reduces  pilot  workload 

-  reduces  reaction  time 

-  makes  new  tasks  possible 

-  contributes  to  flight  safety 

-  exploits  performance  potential 

-  establishes  flexibility 

Cost  effectiveness  of  a  joint  board/ground  data  base  and  calculation  programs  will  be  given  similarly. 

But  there  Is  still  a  lot  of  work  to  be  done.  One  of  the  major  problems  is  to  specify  the  necessary  sensor 
accurecles,  to  define  data  requirements  and  to  prove  these  e.g.  by  simulation. 


NSHMSlat  Mrg 

AFA 

Mission  Planning  System 

BSM-C 

Bus  System  Mission  Controller 

CDE 

Control  Display  Electronics 

CKl 

Checklist 

CRT 

Cathode  Ray  Tube 

OEP 

Data  Entry  Panel 

OMP 

Display  Node  Panel 

FPS 

Flight  Director  System 

GN 

Gross  Mass 

HNS 

Helicopter  Management  System 

HSO 

Horizonte 1  Sltuetion  Display 

LSK 

Line  Select  Key 

MAP 

Map 

N01 

Mission  Memory  Device 

MNP 

Mission  Mode  Panel 

NR 

Maintenance  Recorder 

PHOT 

Long  Lead  Date  Storage 

To 

Take  Off 

vso 

Vertical  Situation  Display 

WP 

Way  Point 

2BG 

Central  Data  Entry  Panel 

Mar-mu 

CU  P.  Wolff 

,  K.E.  Knock 

[2]  Helicopter  Guidance  and  Control  Systems  for  Battle  field  Support,  Hay  1984,  Honterey,  Calif.  AGARD 
Conf.  Proceedings  No,  3S9. 
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OOMBOm  M  TO  ■uwmi 
mum  d'ob  Mount*  tmtmamm  at  cmi 

b.  c**em 

S.F.I.M. 

(SOCItn  Dt  FAMICATIW  D’lnSTtUMMTS  DC  HgSlUK) 
11,  IVIfiui  Mavcal  BAMOLFO  QABMIBB 
>1101  MUST  CEBU 
FUK1 


Cat  iipoat  montre  let  dive re  intdrets  qc*  ordaanta  1 ' implantation  d'un*  pourauit*  de  ciblaa  dan*  1* 
cadra  d'un*  conduit*  tlr  hdllcoptkra, 

L'axpoad,  aprka  ana  daacription  auccinct*  da*  principaox  dldmanta  intarvanant*  dan*  un*  conduit*  da 
tir  (vie aura,  armaments ,  calculataura),  da  lours  rfilee  raepacrifa  dans  1*  ddroulanant  da  la  pria*  k 
parti*  d'un*  cibla,  ddtaill*  l'intdrtt  d'un*  pourauit*  automat l qua  do  ciblaa  k  traitamanta  d'iuagas  an 
taraas  i 

-  da  charg*  da  travail  da  l'opdrataur, 

-  d'aadlioration  du  trainag*  at  daa  bruit*  da  pourauit*, 

-  d'aadlioration  da*  information*  da  cindaaciqua  (precision,  bruica)  da  la  cibla  fuurniaa  k  la 
conduits  da  tir. 

l'axpoad  prdaanta  an fin  laa  divara  critkraa  ratanua  pour  la  concaption  da  la  coaaand*. 


i  -  Docurnoa  oobuu 

1.1.  TTPI8  DC  C1UJ1 

la*  typaa  d*  cibla  qu'un*  conduit*  da  tir  hdllcoptkr*  paut  prandro  k  parti*  aont  trka  divara.  On 
pout  citar  I 

-  objectify  da  jour  ou  da  nuit, 

-  object  if*  tarraatra*  (air-aol), 

-  adronafa  dvoluant  dan*  1'aapaca  adrian  procha  du  aol  (air-air). 

Four  rouplir  cos  miaaiona,  l'hdlicoptkr*  aat  dquipd,  an  plua  da  aon  ayatkn*  d'armaa,  d'un  anaambla 
da  ayetkas*  optiqua*  panaattant  l'rcquiaition  daa  ciblaa  ft  laur  designation  aux  nystknaa  d'armamanta.  la 
ayatkna  optiqua  aat  done  1*  pdriphdriqua  principal  da  la  conduit*  da  tir. 

1.2.  PklWClFAPX  COM8TITOAKT3  D'BHE  COMMIT*  D1  TIk  KgLICOPTBRF 

1.2.1.  laa  viaaur*  (la  ayatkn*  optiqua) 
laur  r#la  aat  1*  auivani  t 

-  obaarvatlon  at  detection  da  ciblaa, 

-  raconnaisaanca  at  idantif {cation  da  ciblaa, 

-  designation  du  ciblaa  au  profit  d'un  autr*  viaaur  ou  d'una  arm*. 

Certains  typaa  da  viaaur*  ont  dgal  amant  la  rdla  d'ttra  i 

-  apta  k  ttra  un  captaur  d'imaga  k  fort  groaaiaaamant  at  atabiliadaa  dans  1*  domains  visible  at 
infrarouga, 

-  apta  k  Btr*  un  organa  da  viad*  da  granda  precision  at  da  assure  da  1‘dloignaaact  do  la  cibla 
(aasura  daa  paraaktraa  cibla  t  auglas,  vitassa  at  diatanca), 

1. 2.1.1.  La  viaaur  dit  TIBIUB" 

II  aat  k  ia  dlapoaition  du  copilots,  rami  la*  montaga a  posaibla*  aur  hdlicoptkra,  on  paut  citar  la 
aontaga  da  toit,  la  montaga  da  att,  la  montage  da  nax,  la  figura  suivanta  prdaanta  un  viaaur  da  toit. 
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VISIUR  TIMUR 


II  a*  conpoa*  da*  daux  parti**  auivantaa  ' 

-  un«  parti*  axtdrlaur*  I  1'hdlicoptlr*.  conatitui*  d'un*  plataforaa  gyroatablliad*  orlantabla  an 
ait*  at  an  giaar.ant  at  ranfamant  la*  IlIRnMa  aanaaura  ndcaaaairaa  aua  fonction*  : 

*  d'obaarvation  at  d'idantiflcatioa  d*  ciblaa  (voi*  optiqu*  diracta,  caalra  TV,  eaadra  tharulqua), 

*  da  designation  at  d'ongagaaant  da  la  pourauit*  autoaatiqua  (eaadra  TV,  eaadra  tharaiqun), 

*  da  aaaura  da  diatanc*  da  la  eibla  (tdldaltr*  laaar), 

*  d'haraoniaatiun  da*  diffdrantaa  voiaa  d'obaarvation. 

-  d'un*  parti.*  intdriaur*  t  1'hdUcootbr*.  coapranant  un  syattaa  da  prdaantation  d' images  paraattant 
1*  Vianaliaation  k  l'opdrataur  do  diffdrantaa  voiaa  (voi*  diraeta  optiqu*,  eaadra  TV,  eaadra  tharaiqua). 

La  copilot*  poaatd*  dgalaaant  un  curtain  noabr*  da  coaandit  da  aia*  an  oauvr*  du  viaaur  diapoadaa 
aur  da*  aanchaa  argonoaiquaa  at  aur  un  pupitr*  do  aarvitud*  annaxa  paraattant  l'aaploi  da  tout**  laa 
fonctiona  du  viaaur  at  notanatant  l'angapaaant  da  la  pourauit*  autoaatiqua. 

1. 2.1.1.  La  viaaur  dit  "PILOTR" 

C'aat  un  viaaur  tit*  hauta,  II  aat  find  I  la  atructur*  aan*  parti*  aobila.  Son  prineip*  da 
fonctionnemant  aat  tal  qu'il  parent  da  auparpoaar  davant  I'oail  du  pilot*,  un*  ayabologia  d*  pilot*)*  at 
d*  ddaignation  d*  ciblaa  propr*  au  tir  aur  1*  payaag*  axtdriaur. 

II  aat  coapoad  aaaantiallanant  d'una  tit*  da  viada  paraattant  la  gdndration  da  ayabologia  at  da 
rdticulaa  colliaatda  I  l'infinl. 

1.2. 1.3.  La  viaaur  dit  "OK  CASQUZ" 

la  pilot*  at  la  copilot*  pauvant  diapoaar  d'un  viaaur  da  caaqu*.  II  aa  coapoa*  da  daux  parti** 

•  aaantiallaa  I 

-  un  diapoaitif  optiqu*  paraattant  la  presentation  d'un  rdticul*  da  viada  davant  l'ooil  du  pilot*  ou 
du  copilot*, 

-  un  ayattw  d'daattaura  at  d«  captaura  paraattant  1*  raconatitution  d*  la  poaition  dt  la  lign*  da 
viada. 

1.2.2.  boa  anaaaati 

baa  anaananta  aont  adaptda  I  1*  diatanc.  d'angagaaant  at  affaetd*  au  tir  air-air  ou  air-aol. 

-  Canon  X  l'utiliaation  du  canon  aat  rdaarvda  I  1'angagaaant  I  court*  at  aoyanr.o  diatanc*  (<  1500  ■) 
contra  d*a  objactif*  air-air. 

-  Miaailaa  t  l'utiliaation  d«*  aiaailaa  aat  rdanrvd*  i  l'*ng*g***nt  I  aoyann*  at  longu*  diatanc* 

(<  *000  *)  contra  d*a  objactif.  air-air. 

-  toouattaa  x  l'utiliaation  da.  roquatta*  aat  rivarvd*  *  l'angagaaant  1  acyenne  at  longue  diacanc* 

(<  *000  a)  contra  da*  objactif*  air-aol. 
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i.t.3.  kujiMumi  Unaau 

Lour  r#U  ait  I'uram  la  geitloe  4a  l'eaaaable  4u  4a  eoa4ulta  4a  tir.  Ila  aaauraat  la 

gaation  4ea  ao4ei  ijntlata,  l'attribetloa  4ai  4lverm  reaiourcai  (vliaura,  aimae)  an  pilota  at  copilot! 
at  laa  calculi  4a  cornctloaa  4a  tire  nleaiialrea  I  cartaiaa  anaaaata. 


i  -  mam  k'aoqnitnw  »'«■  cmu 

L'utlllaatloa  4aa  vliaura  cat  lifflrenti  lulvant  laur  type.  L'lrgooouii  at  lea  poiiibllitla  4a 
chaau*  type  4a  vliaur  cant  iliptlll  lux  poulbilltli  4a  l'utillaataur  (chartai  4a  travail  lifflrentei)  at 
aux  type*  4a  tir  aavlaa|4a. 

Vliaur  tlraur  t  -  noyau  4'acqulalclea,  4a  44algaatlon  at  4a  pouraulta  4a  clblac  pour  4ai  tire  pr4par4a  at 
to*  tlta  b  longue  atitance. 

•  pilotigi  4a  mile  an  aacaun. 

-  recalaga  4o  la  navigation. 

Vliaur  allota  i  -  luitruaant  principal  4a  pilot!*!  aaehioa. 

-  BO yen  !’ acquisition  at  4a  44ai*nattoo  4a  dblaa  pour  4oa  tlra  axlaux  4ai  lifflranta 
amaaanta. 

Vliaur  4a  ealaua  I  -  uoyan  4'aequiiltion  at  4o  44ii*natioo  4a  clblai  au  profit  4u  vliaur  tlraur. 

-  uoyan  4o  polnta-a  at  4a  tir  4a  rlpoata  4  court!  4iitanca. 

L'acquiiitlon  d'una  clbla  cat  r4alii4a  par  un  4ai  viicun  4v  lyitbaa  4'araa  par  pointa*!  4'un 
rltlcula  raprbiantatlf  4a  la  ll*na  4a  vla4a  aur  l'objectlf. 

Lo  poi nt-ja  4'una  ll*na  4a  vii4a  pout  btra  r4alii4  an  g4n*ral  4a  4aun  aanlbrai  ■ 

-  loit  la  reticula  4a  villa  alt  point!  iur  la  clbla  par  un  oplrataur  *rlea  b  un  Ulncha I 

-  ioit  la  rltlcula  4a  vlile  aat  point!  iur  la  elbla  b  partir  4'un  aiaarviuanant  aur  4a*  coniignu 

4a  44*l*naeton  4a  clblai  foumiaa  par  un  autre  vliaur. 

La  figure  luivanta  illuitra  la  loglque  d'acquliition  4'una  clbla  par  la  vliaur  tlraur. 


LOOIQUE  D'ACOUISITION  ET  DE  POURSUITE 
MANUELIE  O'UNE  CIUE  PAR  IE  VISEUR  TIREUR 


La  u!cho4a  utiliila  lei  oat  un  pointa*!  nanual  4a  la  li*n*  4a  villa  (rltlcula)  aur  la  tibia. 

Li  figure  luivanta  prlaantc  la  lo*iqua  4i  fonctionnamint  4u  vliaur  an  phaia  4a  pouvauitc 
lutomitiqua. 


100IQUI  OS  POURiUlTS  AUTOMATED* 
D'UNI  emu  PAR  U  VISiUR  TIMUR 


KM 


Cetta  phata  aat  la  phaae  logique  auccddant  au  point age  manual  da  la  cibla  at  ddmarre  avac 
l'engagament  da  la  pourauita  autonatique  par  un  organa  da  comnanda. 

La  aignal  viddo  (TV  ou  I*)  aat  aaploitd  par  nna  dlactroniquu  da  pourauita  b  traitaneut  d' image*. 
Oatta  dlactrooiqua  ddlivre  daa  dcartondtriea  da  poaitlon  da  la  cibla  dana  la  champ  aur  laqual  a'affactua 
la  pourauita  R  l'dlactroniqua  da  coiaaauda  viaaur  qui  affectua  alora  l'aaaorvieaanent  da  la  liqna  da  viada 
aur  la  cibla. 


i  -  Noanra  unmmtm 

1.1,  IWTEAETg  0*11118  POUHSUm  AUTOHATIOWE 

Laa  avantagee  d'una  pourauita  autonatique  par  rapport  k  una  pourauita  manual  In  aont  lea  auivanta  i 

'  charge  da  travail  du  tiraur  «  an  diminution  par  rapport  t  una  pourauita  nanuelle.  Saulea  raatant  b 
la  charge  du  tiraur  la  aurvaillanca  du  auivi  at  l'opdration  da  racantraga  da  la  cibla. 

-  bruita  da  viada  »  il  a'agit  da  1'tcart  autre  la  cibla  at  la  rdticule  da  viada  (trainaga).  Cec 
tfcart  aat  dininud  d'un  rapport  5  b  10  an  pourauita  autonatique. 

-  nrdciaion  da  la  poaitlon  da  la  liana  da  viada  I  an  pourauita  mar.ualla,  ’a  porition  do  la  Ugne  da 
viada  tournie  a  la  conduita  da  tir  aat  la  position  du  rdticule  da  viada. 

En  pourauita  autonatique t  catta  poaitlon  aat  corrigda  daa  dcartoadtriaa  da  pourauita,  Ella  reprdaar.ta 
done  la  poaition  da  la  cibla,  information  ndceaaaira  d  la  conduita  da  tir. 

-  oualitd  da  I'infornation  vitaaaa  da  la  liana  da  viada  I  la  bruit  auperpoad  b  1' information  da 
vitaaaa  aat  an  forte  diminution  an  pourauita  autoaatiqua.  lea  calcula  da  prediction  effectuda  par  la 
conduita  da  tir  pour  I'anticlpation  da  poaitlon  du  canon  aont  done  baaucoup  plua  prdcia. 

3.1.  PRIHCIPAUX  CR1TUES  Pi  COMCBPTIOW  -  COHTRAIHTES 


La  but  b  acteindra  aat  d'dlaborer  una  ndthoda  da  calcul  permettant  da  rdaliaar  un  bouclaga  optimal 
au  aana  d'un  critbra  find  (taupe  da  rdponee,  forme  da  la  rdponaa,  minimum  d'dnargie,  ...)  d'un  vtaaur 
gyroatebiliad  b  una  dlactroniqua  da  pourauita  automatique. 

Laa  contraintaa  b  prendre  an  compta  aont  da  deux  type*  :  contraintca  aur  laa  nodblca  at  contraintaa 
aur  la  coaaaande. 

-  Contraintaa  aur  laa  modblao  ! 

*  la  modble  du  viaaur  varia  an  fonctlon  da  la  aituation  da  vol,  da  l’angla  da  viada  (parturbationa, 
variationa  d' inertia, . . . ). 

*  l'dlactroniqua  da  pourauita  paut  ddlivrar  daa  dcartomdtriee  perturbdea  loraqua  la  contraate 
cible/fond  deviant  trop  faibla  ou  loraqu'il  varia  crop  bruaquemant  (paaaage  da  ligna  d'horiaon,  paaaage 
aur  fonda  parturbda,  pnajoja  da  maequee  totaux  ou  partiala). 

*  la  foncticn  da  tranafart  da  l'dlactroniqua  da  pourauita  aat  non  lindaira  (retard  pur). 
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-  Coccrtlnia*  aur  la  coaaand*  t 

*  boon*  liability  da  la  bouclv  (ttnue  *u*  tear toadt ties  pcturbdtt)* 

*  honna  robust****  tie  I  dc*  variation*  dt  aodb’et. 

*  bonn*  robust****  vii  b  sit  do  li  precision  dta  coefficient a  du  cocrtcteur. 

*  bonne  facllitd  d' integration  *.no*bro  dt  parnabtrc*  tt  r4gl*it«a  ainioei). 

*  'onaovtAtion  d'^nnrtfi*  miniaal*. 

*  Adaptation  tux  iy*ttora»  coancrivnt  dtt  rtt«rd*  purl, 

•<  vo  1  vmm  dt  calful  It  plus  ftiblt  possible. 

*  pta  de  <14  grade  linn  notable  dt  1 ’ observation  tt  dt  la  prlat  d'imag*. 

*  train*!*  minimi  compatible  de  la  divtrgtnc*  d*  1a  tdldaltrie. 

3.3.  CHOJX  fT  PERFORMANCES 

La  solution  aux  contralnt**  ivoqud**  pr4c*d*ment  eat  un*  atructure  auto-adaptative  pcmettant 
d*int4gv*r  ltd  contraint**  d*  variation*  dt  «odblt*. 

La  cotnande  *at  un*  contend*  prddictivt  du  type  '•CLA'dKE-GAVM’HHO?”  pe  raw  t  tent  la  rlaolutinn  dt  toutta 
It*  contraint**  prdatntdta  prdcdd*aa**nt .  a*  tupdrioritd  par  rapport  b  de*  cooMndaa  plot  nl«*siqu*a 
rlaidant  principal***^  dan*  *a  robust****,  •*  facility  da  reflag*  (l  perambcrt)  et  aa  conception  de  base 
adapt!*  *ux  ayatbaaa  b  retard*  pur*. 

La  figure  nuivant*  prliMCr.  uu  nvnoptiqu*  da  1'aRnaryisaataant* 


SYNO*»TIQUE  DQUCIAG!  AUTOADAPTIF 


«.  com»- v»or  M4«.ituoN  vmtw 

a  HWIimiXNI  M  Win  IMtMUKMNd 

<  lc«A*iH*l»;na«u 

•  H  IlnCUt***  I  I  toiuctAOt 

*R  IM1'W>ICI  t-'V^-HUDAflMliON 

Wll'WiilUltal  ACOft*4»«KO< 


FIGURE  4 


II  v-onaiatc  to  une  double  Souclo  * 

-  un*  boucl*  de  uotwande  ^  la  frdquunce  d'asacrvi a*ea*nt  (50  b  100  Ha  traditionnallenant ) . 

~  une  boucle  d’ adaptation  du  corrector  It  une  frequence  pJu*  baaae  palliant  lea  variations  lenf.aa  de 

■noddies  (quelquea  Hz). 

Cette  atructure  3  dtnx  dtage*  tat  ainplifiabl*  ai  l*s  variations  de  BOdtle  rtatant  faiblca. 

II  y  »  lieu  de  prdciier  cep*nd«nt  qu*  1*  veil  urn*  de  calcul  ndctftsaire  b  ce  type  de  eonaend*  pent  4tr* 

qualifid  de  Maas*r.  dlevd"  (pclyuowes  d‘ordr«  7  pour  lea  cotrecteura)  cowpte*  tanu  dea  puiasaicea  de  calcul 

•nharquablea  at  d*  "trba  4l*v4”  ai  il  y  a  ndceaait!  de  la  prdacnce  d«  la  boucl*.  d’auto-aJaptacion  du 
correcteor. 

3.4.  PRESENTATION  SUCCINCTR  DE  LA  COMMANDS 

La  cotaunde  d«  CLARKE-CAWIHROP  tat  une  command*  b  minimisation  d'un  critbre  quedrrtiqut  b  un  pa*. 
Ella  minimis*  l*  critbr*  auivanc 


J  -  £Ul  ^  (t  ♦  k  +  l)  //*) 

•v.e  <fHt  *  k  +  1)  *  An  .  (t  +  k  +  1)  ♦  -A..w(t)  -  X  b”  jr,  (t) 

y  (t  ♦  k  +1 )  t  Sortie  du  procasaua  prldite  du  retard  pur  av a cbm* 

y\_  t  i*4gl*ge  d*  la  fora*  de  la  rlponae 

u  (t)  i  entree  du  proceuauo 

yr(t)  :  con*ipr.a  d'aaaervisaeaent. 
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ABSTRACT 

By  request  of  the  Royal  Netherlands  Ar>y  Staff,  a  test  and  evaluation  prograa 
was  curried  out  by  the  Royal  Netherlands  Airforce.  The  overall  els  of  the  prograa  was 
to  select  and  integrate  a  package  of  night  vision  and  supporting  aquipaent  for  the 
BO-105  C  helicopter  that  will  allow  round  the  clock  operations  in  support  of  the  RNL 
Aray,  specifically  at  night  at  low  altitudes.  An  ex  civil  80-105  RB  helicopter  woe 
used  as  a  testbed  In  the  prograa.  in  addition  to  the  original  dual  pilot  IfR  equipaent 
(VON,  VOR/ILS,  Radar  Altiaeter  and  2  axis  Stability  Augaentation  System),  a  Doppler 
Navigation  Syatee  with  Mapreader,  a  TAG  AN  and  recording  equipaent  were  installed  In  the 
test  helicopter,  (n  a  pre-evaluation  prograa,  two  types  of  helaot  aounted  Night  Viaion 
Boggles  (NVG’s)  ware  selected  'or  further  evaluation.  After  the  2  axle  SAS  hud  been 
replaced  by  e  3  sxls  CSAS  ur. J  NVQ  compatible  cockpit  lighting  had  bean  installed  in  the 
teat  helicopter,  night  low  level  operational  flight  trials  were  carried  out.  This  paper 
describes  the  selection  of  the  HVO'a,  the  NVG  coapatible  lighting  and  presents  the 
pilot  experiences  and  opinion*  concerning  the  low  lavnl  night  flight  trials.  The  trials 
Indicated  the  feasibility  of  the  concept.  A  selected  nqulpaent  package  will  be 
retrofitted  Into  the  BO-lOb  fleet,  with  the  aid  of  the  airfrswe  aenufecturer,  MSB.  A 
prototype  has  been  constructed  at  our  Depot  at  Gilze  Rtjen  Alrbaaa.  Flight  testa  have 
recently  been  completed. 

1.  INTRODUCTION 

Up  to  this  day  the  BO-105  C  is  being  used  ee  nn  ell  purpose  Light  Observetion 
Helicopter  for  day  aistiune  under  Visual  Meteorological  Conditions  (VMC)  only.  Night 
flight  la  conducted  under  Special  VFR ,  for  training  purposes  only.  Minimus 
meteorological  conditions  for  lore!  night  flying  are  3  kaa  visibility,  1000  ft 
cloudbaae  and  5  kaa  risibility  end  1500  ft  cloudbase  for  crows  country  flights  outside 
controlled  airspace,  minimum  height  above  ground  le  600  ft. 

In  1 375  in  connection  with  a  night-landing  equipaent  evaluation  prograa  in  an 
alouette  Ill,  limited  experience  was  gathered  with  a  pair  of  2nd  generation  AN/PVS-S 
NVG's.  Although  the  NVG's  showed  great  potential  as  a  pilot*  nlghtviaion  aid,  it  was 
immediately  recognised  nnd  later  confirmed  by  literature,  that,  aa  a  result  of  the 
limited  field  of  view  aud  resolution  of  the  NVG’s  ,  workload  and  disorientation  would 
be  a  Halting  factor  and  could  becose  a  problea.  For  tbie  reason  it  wus  our  opinion 
that  rather  than  starting  with  the  basic  aircraft  and  adding  equipment  aa  required, 
the  teat  helicopter  should  be  equipped  with  a  low  level  navigation  system  with 
automatic  sap  display  and  a  radar  altimeter.  All  flight  and  performance  instrument 
dials  auat  be  easily  readable  while  wearing  NVG’e.  Alec  consideration  was  given  to  the 
fact  that,  if  one  wants  to  investigate  the  limit*  off  the  NVG's,  inadvertent  Instrument 
Meteorological  Conditions  (INC)  are  likely  to  be  encountered.  For  this  reason  the  test 
helicopter  had  to  be  certified  according  to  Instrument  Flight  Rules  (IFR). 

[n  December  of  1982  a  civil,  dual  pilot  IFR,  B0-106  UB  helicopter  wes 
purchased  by  the  RNL  Army,  this  helicopter  was  to  function  as  a  testbed  in  an 
equipment  evaluation  program.  First  the  original  civil  avionics  equipment  was 
qualitatively  evaluated  for  possible  military  application,  later,  at  various  stages  in 
tha  prograa  certain  eysteas  were  either  added  or  replaced.  To  satisfy  procurement 
formalities  all  systems  and  equipment,  used  in  the  progren,  underwent  comparative 
testing.  To  limit  the  scope  of  the  equipment  selection  procrea  where  possible,  first 
consideration  was  given  to  avionics  equipment  that  either  waw  already  available  in  the 
RNL  Airforce  inventory,  or  available  as  Options!  Equipment  for  10-105  helicopter  (known 
technology).  Moat  of  the  avionics  equipment  under  tast  was  installed  on  a  pallet  in  the 
haggsge  cocpai'taent  of  tbn  test  helicopter.  Equipment  installation  was  done  by 
technicians  of  our  overhaul,  facility  (DVM)  at  Gilse  Bi,<au  Airbase,  with  assistance  of 
the  enframe  manufacturer.  Concerning  the  station  supporting  equipment,  only  those 
aspects  that  are  relevant  to  tha  night  low  level  mission  will  be  discussed  in  this 
paper. 

2.  TRIAL  OBJECTIVES 

The  vain  objective  of  the  trials  was,  to  select  and  integrate  a  coat  effective 
package  o!  Night  Vision  and  mission  supporting  equipaent,  that  will  provide  the 
BO-166  C  with  an  around  the  clock  operating  capability,  in  its  future  role  of  rearward 
observe! ie.-.  helicopter  for  the  RNL  Aray. 
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3.  PRELIMINARY  EVALUATION 

In  Nay  of  1984  a  preliminary  NVO  evaluation  prograa  won  carriad  out.  To  be 
complete  and  to  oatlafy  procuraaent  regulations,  andlfled  driven  Boggles  wore  alao 
tooted,  fi  seta  of  NVO 1 e  were  available  for  testing;  Cyclops,  (a  bi-ocular  aonotube 
goggie).  AN/PVS-6,  HEP  (Modified  Faca-Plate),  AN/AVS-6  Aviator  Night  Vision  Systea 
( AKVI8) ,  BN  8043,  (Oeraan  Aray  developaent)  and  Cats  Byea,  (UI  prototype  deaigned  for 
fixed  King  aircraft). 

The  preliainary  evaluation  woa  carried  out  in  a  fleet  BC-10S  C,  only  the 
cockpit  lighting  had  bean  adapted  In  a  provisional  Banner,  i.e.  aoae  light  aourcea  had 
blue  flltors  taped  on,  other,  less  essential,  Nero  taped  over.  The  instruaeat-panel  waa 
illuainated  by  an  Electro  Luainascent  wrist  leap  taped  under  the  glareahield.  Selection 
criteria  were,  weight,  balance,  stability,  eye-relief,  coafort,  adjuataent,  alignment 
and  ease  of  installation  and  reaoval. 

3.1  The  Cyclops  aono-goggle. 

The  Cyclops  aono-goggle  waa  originally  designed  as  a  driver’s  goggle,  helmet 
aountlni'  end  counterbalance  weight  were  laproviaad.  The  bi-ocular  goggle  consisted  of  a 
cetel  bousing,  which  incorporated  a  single  2nd  gen.  laage  Intensifying  Tube  (ITT),  a 
battery  case  end  glass  optics.  The  single  iaage  was  divided  by  priaas  and  presented  to 
the  user  through  two  saall  disaster  eyepieces.  Tho  Plaid  of  Vle;i  was  4G".  Advantages 
end  dived  vantages  are  listed  below: 

a.  Advantages;  Low  toot,  lightweight,  easy  to  attach  and  remove. 

b.  0 i eadvan t ages ;  No  alternate  power  source,  difficult  battery  switching, 
insuf iicient  eye-relief,  no  vertical  adjuataent,  ,io  stareopaia,  rye  discomfort, 
goggle  aisali gnwent ,  counterbalance  weight  required. 

The  disodvant ages  outweighed  the  advantages  considerably,  the  Hono-goggle  was 
therefore  considered  not  acceptable  for  further  use  in  the  evaluation  prograa.  3.2 
AN/PVS-S  Hyp  (Modified  Face-Plutfc) . 

These  goggles,  were  baeictlly  a  modified  version  of  the  well  known  and  widely 
used  driver’s  goggled.  2nd  gen  t  IIT’s  were  fitted.  To  aid  peripheral  vielon  end  allow 
direct  inetruaeiit  nonitorxng,  thu  faceplate  had  been  altered  (cut  out).  The  holaet 
aourting  ettacharnt  wee  laprovis-id  l.e.  straps  attached  onto  Velcro  pads  on  top  of  the 
helaet.  A  dual  battery  pack,  originally  developed  for  AN/AVS-6  coulu  be  attached  to  » 
Velcro  pad  on  tha  back  of  the  helnet  e.d  functioned  ae  a  counterbalance  weight. 

The  only  advantage,  low  cost,  doee  not  outweigh  the  shortcomings ,  i.e.: 

a.  Instabls  helaet  attachment,  causing  alsallgnaent  of  the  saall  diameter  oyeplecee 
and  subsequent  eye  discoafort  and  fatigua. 

b.  Insufficient  eye  relief  tc  ellow  easy  instrument  nonitoring. 

c.  Excessive  weight,  en  extra  balance  weight  wee  required  to  prevent  helaet 
rotat ion . 

The  laproveaente,  as  coapered  to  the  originel  AN/PVS-5  used  in  our  earlier 
prograa  in  197S,  ware  considerable,  but  only  acceptable  as  an  interla  solution. 

3.3  Cats  Byea. 

The  Cats  Eyes  NVG’e,  as  shown  in  Fig.l,  were  a  prototype  helaet  mounted  design, 
undar  developaent  for  fixed  wing  aircraft,  for  use  in  coabination  with  a  Forward 
Looking  Infrared  (FURi  iaage,  displayed  In  a  Head  Up  Display  (HUD;.  The  goggles  were 
attached  to  an  8PH-4  helaet  by  a  quick  lock  and  relsaae  unit.  Tha  binocular ' goggles 

consisted  of  an  all  aetal  housing,  which  Incorporated  2nd 
gen  IIT’e,  a  battery  cist,  end  glass  optics.  The  forward 
end  of  the  goggle  was  siailar  to  ether  goggles,  the  rear 
end  however,  waa  quite  different.  The  laage  is  deflected 
90”  through  a  pair  of  prisaa  into  a  pair  of  saall  clear 
glass  coablner  blocks.  Tbs  liter  aeea  the  projected  laage 
at  infinity,  auperiapoeed  onto  the  outside  world.  The 
rationale  behind  this  solution  is  that,  through  proper 
use  of  filtering  and  electronic  switching,  the  pilot  can 
observe  the  HUO  scene  directly  through  the  eyepiece, 
instead  of  having  to  look  underneath.  The  field  of  view 
per  tube  waa  30”.  To  lncreaae  tha  lctcra)  FOV  to  46”,- 
tha  tubas  wars  installed  with  a  10”  dlverganca.  Red 
(ainua  blue)  filters  wars  available  for  installation  over 
tha  objective  lenses  for  use  in  coabination  with 
blue/grsen  cockpit  lighting. 


Cats  Eyas. 
Figure  1. 
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The  aost  iaportant  advantages  and  disadvantages  of  these  prototypa  goggles  ara 
listed  below: 

a.  Advantages;  flood  aye  relief,  excellent  peripheral  ylaloe  anil  a  clear  atabla 
laege.  Corrective  apcctaclea  can  be  Merc. 

b.  Disadvantages;  Mounting  was  difficult,  a  considerable  aaount  of  counterbalance 
weight  was  required,  double  iaage  of  bright  light  sources  at  clone  range 
(projected  iaaga  did  not  exactly  overlay  tha  real  world  scene), eye  discoafort 
because  of  tha  10”  divergence  of  the  tubes  (after  a  certain  period  of  tlae,  at 
Increasingly  short  intervale,  the  pilots  had  problena  to  aake  left  and  right  inagea 
overlap) . 

Because  the  goggles  in  question  were  a  first  prototype,  auch  can  be  and  has  been 
corrected.  Recently,  tha  BMl  Airforce  bad  tha  opportunity  to  evaluate  a  aore  advanced 
prototype  of  reduced  site  and  weight,  in  conblnatlon  with  a  PLIR,  in  a  fixed  wing 
aircraft.  In  this  program  the  feasibility  of  the  concept  was  deaonstrated  .  This  aodel, 
however,  was  not  available  'or  helicopter  evaluation  in  the  required  tlae  fraae. 
further  investigation  would  be  required  to  deteraine  if  having  a  ”See  Thru”  capability 
in  a  helicopter  without  a  BUD,  outweighs  the  extra  weight  penalty  and  output  reduction 
of  the  prisa  construction. 

3.4  AN/AVS-6  and  BM  8043. 

Both  designs  were  quite  siailar,  as  la  shown  in  figs  2  and  3,  both  have  twin 
intenaifiar  units  attached  to  the  visor  cover  of  the  helaet  and  both  use  the  battery 
case  aa  a  counterbalance  weight. 


AN/AVb-6  BM  8043 

figure  2.  figure  3. 

Soae  particulars  of  AN/AVS-6  were,  2nd  gen  +  IIT’s  were  installed.  A  special 
visor  construction  was  required.  In  flight  aounting  and  removal  of  the  goggle  was 
possible.  The  visor  could  be  used  in  flight  with  the  goggles  in  the  stowed  position. 
Ned  ("alnua  blue")  filters  were  provided.  The  housing  wan  Bade  of  plastic  notarial.  The 
objective  lenses  could  be  focused  froa  infinity  down  to  25  cn.  The  aye  piece  lenses 
could  be  adjusted  individually  over  a  range  froa  -6  to  +2  diopters.  The  deaoostrator 
goggles  showed  soae  signs  of  wear  in  the  adjustnent  gears  and  threads,  connections  and 
adjustsents  were  either  to  tight  or  to  looce,  on  several  occasions  a  diopter  adjustnent 
Sot  stuck. 

The  BM  8043  ays tea  could  be  clasped  onto  a  standard  3PH-4  helaet.  The  goggles 
clasped  onto  the  etnndtrd  visor  cover,  a  battery  pack,  connected  by  an  araored  cord, 
hooked  up  to  rue  back  of  the  helaet.  The  goggles  were  connected  with  a  ball-and-socket 
Joint  onto  the  clasp  on  the  visor  cover.  Vertical,  longitudinal  and  tilt  sdjustaents 
could  be  accoapllshed  siMU .tenuously  in  a  single  Joint  with  clnaplng  screw.  The 
interpup) 1 lary  distance  could  be  adjusted  by  pushing  or  pulling  tha  ocular  ends  of  the 
goggles  < i t h  both  bands.  A  sasll,  lipswitch  operated,  spotlight,  aounted  in  between  the 
tubes,  could  be  used  for  instruaent  panel  1 1 luainet ion .  Tha  focus  of  the  objective 
lenses  was  fixed  at  infinity.  The  eyepiece  lenses  could  be  adjusted  individually,  over 
a  range  of  *Z  diopters.  fOV  was  42"  and  2nd  gsn  plus  tubes  were  installed. 

Tbn  results  of  tbs  pre-evaluation  were  not  conclusive.  Only  the  ANVIB  and  BM 
8U43  NVO*  s  had  acceptable  weight  and  balance  and  adequate  eye  relief.  Alignasnt  was  not 
critical  becausa  of  wide  (25  aa  in  disaster)  eye  pieces.  Corrective  spectacles  could  be 
worn.  Both  types  wore  recoaaonded  for  further  testing.  Tha  results  of  this  evaluative 
tire  presented  elsewhere  in  this  paper. 

4.  TI8TBID  PROGRAM 

4.1  General. 


The  asssasaent  of  the  complete  equipment  package  waa  conducted  in  a  BJ-105  DB  ax 
civil  hellcipter,  by  tsstpilots,  asalsted  by  sxparlenced  helicopter  pilots. 


21-4 


4  sets  of  Ufa’s  wore  available  for  further  evaluation,  1  set  AN/AVS-d  with  ~rd 
(an.  IIT's  and  3  aata  of  FH  8043,  2  aata  with  2nd  (on  +  and  a  aat  with  3rd  (an  IIT’a. 
"Minus  Bins"  filters  wars  available  for  tha  latter,  the  objective  lenses  of  the  former 
were  trsated  with  a  "Minus  Hue*  coating.  The  cockpit  of  the  teat  helicopter  waa 
equipped  with  several  types  of  NfO  conpatible  lighting.  An  AN/ASK-129  Light  Doppler 
Navigation  Syatea  ( LDNS )  with  autonatic  Map  Reader,  (110-0),  a  3  axle  Control  and 
Stability  Augmentation  Syatea  (CSA8),  1FR  instruaentation  and  a  Tactical  Air  Navigation 
Syatea  (TACAN)  ware  alao  installed. 

The  program  was  conducted  according  the  following  pattern.  First  experience  and 
confidence  ware  build  up  at  safe  heights  in  the  local  area  of  Seelen  Airbase,  then,  in 
tha  well  known  local  low  flying  area,  height  clearances  were  alowly  reduced.  Next 
selected  low  level  routes  were  flown  several  tinea,  to  gain  confidence  and  experience 
with  the  use  of  the  Nap  Reader.  Prior  to  each  flight  the  route  was  recopnoitered  by  day 
for  possible  newly  erected  obstacles.  Lastly,  fairly  difficult  routes  were  selected  in 
a  relatively  unfamiliar  low  flying  area.  To  insure  the  safety  of  flight,  prior  to  each 
flight,  the  general  area  and  the  boundaries  were  surveyed  in  daytime  .  The 
meteorological  conditions  varied  from  clear  sky,  full  moon,  cloud  ceiling  overcast 
200ft,  1S00  a  visibility  in  rain  and  snow  showers. 

4.2  Cockpit  Lighting  Evaluation. 

4.2.1  Dark  Cockpit. 

The  lipawitch  operated  spotlight  mounted  in  between  the  tubes  of  tho  BN  8043 
goggles  Figs  3  and  4,  waa  a  Qeraan  Aray  Aviation  requireaent,  their  mission  requires  a 
"Dark  Cockpit". 


BN  9043  with  Spotlight 
Figure  4. 

During  the  initial  phr.se,  we  atteupted  to  operate  in  a  completely  blacked  out 
cockpit,  none  of  the  pilots  felt  comfortable,  mainly  because  all  flight-  ap4 
performance  information  a  pilot  unconaciouly  uoes  fer  the  execution  of  the  flightwas 
not  readily  available.  A  cross-check  of  the  instrument  panel  always  required  bis  full 
attention.  With  tho  experience  level  of  tha  pilots  in  mind  and  because  the  BO-106  task 
does  not  require  covert  missions,  further  investigation  into  the  "Dark  Cockpit"  concept 
was  abandoned. 

4.2.2  Floodlighting. 

Several  types  of  floodlights  were  available  for  evaluation,  (1)  Nicro-louvered 
E.l.  laaps,  mounted  under  the  glare  shield,  (2)  a  blue  Kopp  *0005  filter  over  the 
Utility  light  in  the  overhead  console  and  (3)  an  Ultra  Violet  (U.V.)  lamp,  mounted  onto 
the  overhead  console. 

Options  1  and  2,  required  relatively  high  light  levels,  this  caused  high  lights 
on  the  Instrument  panel  and  reflections  in  the  canopy.  Large  shadows  were  cast  over  the 
face  of  the  instrument  panel  leaving  important  sections  barely  readable.  Option  3 
appeared  to  be  tha  best  solution  of  the  3.  The  only  problems  were  that  light  source  had 
to  ba  moved  quite  close  to  the  instruaents  and  that  only  those  symbols,  that  had  bean 
treated  with  fluorescent  paint,  were  visible.  The  effect  however  looked  good,  even 
colours  showed  up. 

Because  U.V.  light  is  invisible  to  the  huaan  eye,  U.V.  floodlighting  is  an  ideal 
solution,  if  covert  nissions  ere  required.  Another  advantage  of  U.V.  light  in  that  the 
frequency  lies  fer  outside  the  sensitive  range  of  NVQ’s,  "Cut  Of t"  filters  are  not 
required.  A  disadvantage  is  that  sll  Instruaents  have  to  he  treated  with  speciel  paint, 
this  may  become  cost  prohibitive. 

4.2.3  Blue  Cockpit  lighting. 

A  combination  of  blue  Electro  Luminescent  (E.L.)  lumps  and  blue  Kopp  *0006  glass 
filters  was  used  to  asks  tha  cockpit  NVC  compatible.  To  avoid  goggle  ''Shut  Down",  red 
("Ninue  Blue")  filtering  of  the  NVG’s  was  required.  Class  filters  (RC  645  and  RC  666) 
ware  available  for  the  BM  8043  goggles,  the  oLjsctivs  lenses  of  the  3rd  gen.  AN/AVS-6 
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goggles  had  baan  treated  with  a  "Minus  Blue"  coating.  Both  optlona  functioned  well, 
reflections  in  the  cockpit  windows  Mare  euppreaaed.  We  were  however  surprised  to  find 
out  that  3rd  gen  goggles  alao  reculred  a  "Cut  Off"  filter,  figure  6  shows  the  relative 
sensitivity  curvea. 


4C0  500  600  700  600  900  1000 
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Relative  sensitivity  curves. 

Figuru  5. 

Host  3"  and  4"  dials  in  the  instrunent  panel  were  fitted  with  8.1.  Basel  leaps 
(Fig. 6),  for  the  rest  of  the  3"  and  Boat  of  the  2"  dials,  blue  filtered  Post  lights 
(Fig. 7)  Her?  used.  The  readability  of  the  3"  and  4",  E.L.  Basal  equipped,  instruaents 
was  excellent,  the  dials  stood  out  clearly  against  a  dar>:  background.  The  light  was 
spread  evenly  over  the  whole  face  of  the  dial,  coloured  liait  Markings  were 
highlighted.  E.L.  Besels  Mere  no*  suited  for  2"  instruaents  and  3"  instruaents  with 
deep  lying  dials,  because  syabols  close  to  the  ria  of  the  dial  were  obscured.  Blue 
filtered  poet  lights  gave  satisfactory  results  when  used  in  coabination  with  Boat  2" 
instruaents,  the  porition  nnd  the  direction  of  the  light  bean  however,  have  to  be 
selected  carefully. 


E.L.  Basel  BOLT  LIGHT  CONVERSION  CAP 

figure  6.  Figure  7. 

The  text  windows  of  the  Caution  Panel  lights  were  replaced  by  blue  Kopp  filters 
with  the  text  silk  screen  painted  onto  it  in  negative  black  letters.  Day  and  night 
readability  is  good,  aoae  doubt  exists  however  if  pilots,  who  are  conditioned  to  react 
on  red  and  aaber  warnings  and  cautions,  will  recognise  an  eaergency  proaptly.  A 
cancellable  red  Master  Warning  light  will  bn  installed  in  the  Floet  helicopters. 

A  special  problea  was  fomed  by  the  Steering  Hover  Indicator  Unit  (SHIU)  of  the 
LDMS,  it  had  several  different  types  of  incandescent  lights  that  had  to  be  node  NVG 
ccapatlble,  2  aaber  caution  lights,  a  white  indicator  light,  white  internal  lighting 
add  aaber  an  digital  display.  After  several  unauccesful  atteapts  with  aany  yards  of 
tape,  a  filter  cap  of  blue  Kopp  *0006  filter  Material  was  Bade  up,  that  could  be  fitted 
over  the  whole  inatruaent.  As  an  interia  solution  it  functioned  Mell.  Up  till  now  no 
otuer  acceptable  solution  has  been  found. 

All  panel  lights  in  the  overhead-  and  center  console  were  disconnected.  The 
display  windows  of  the  LONS,  Control  and  Display  Unit  ,CbU)  and  the  Radio  control 
panels  were  replaced  by  blue  Kopp  #0006  glass  windows.  The  readability  of  tbo  filsaent 
displays  at  bight  was  excellent,  in  bright  sunlight  it  was  acceptable.  The  Modification 
will  be  applied  to  the  fleet.  Blue  filters  will  be  used  in  sobs  of  the  existing 
incandeacent  control  panels  (.IFF,  ICS). 

Presently  the  iapleaentatlon  of  blue,  green  and  yellow  -  Light  Baitting  Diodes 
(LEb'e)  is  under  investigation.  As  can  be  seen  froa  the  curves  in  Figs  0,  the  use  of  a 
rud  "Cut-off"  filter  at  about  630  Nanoaoters  allows  the  use  of  E.L.  leaps  as  well  as 
(."D’e.  The  feasibility  has  beer  dnaonetrated  laboratory  teats.  LID's  arc  inexpensive 
and  available  in  a  large  variety  of  shapes  and  aiscs.  Many  applications  appear  to  bn 
possible  e.g.  Alpha  nuaeric  displays,  Caution  panels,  keyboards  etc. 

A  coabination  of  E.L.  Besels  snd  filtered  Post-lights  has  been  recoaaended, 
cockpit  layout  and  illualnation  is  being  optiaiaed  for  the  aission  during  prototyping. 
LSD  besels  and  LED  overhead-pan  il  lighting  are  presently  under  developaent. 
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4.3  Automatic  Map  Display 

Tha  Autonatic  Nap  Display  (AND  110-0)  (Fig. 8)  had  no  Integral  lighting,  a  hand 
held  lanp  had  to  ba  uaed.  A  provisional  notification  proved  to  be  quite  auccaoaful.  A 
large  ahaat  of  S.L.  natarial,  tha  also  of  tha  diaplay  window,  was  taped  onto  tha  top  of 
tha  Nap  Diaplay.  A  nap  placed  over  tha  I.L.  lanp  bacoaee  a  NVG  conpatlbla  tranaparancy 
with  excellent  readability,  only  a  ninuta  colour  ahlft  ia  evident.  Terrain  faaturaa 
auch  aa  contourlinae,  roada  and  railwaya  ahow  up  clearly.  With  tha  lid  cloaed  in  tha 
noraal  faahion,  the  croaa  haira  present  a  clear  poaition  indication  without  ahadowa.  A- 
reoatat  waa  lnatelled  for  din  control. 


K10-0  Nap  Diaplay. 
Figure  8. 


K10-2  Hap  Diaplay 
Figure  9. 


Modified  in  thia  faahion,  tha  Map  Diaplay  becane  a  very  uaeful  tool.  With  the 
Nap  Diaplay  integrally  illusinatad,  the  co-pilot/nnvigetor  had  an  extra  hand  free  for 
writing  and  nap  changing. 


By  the  end  of  1985,  the  nanufacturer  inforned  ua  that  the  glO-O  would  not  go 
into  production  and  offered  ua  an  inproved  veralon,  the  E10-2.  Tha  diffarencea  were 
aignlficant.  Inatead  of  croaa  baira,  a  noving  light  dot  of  variable  intenaity  waa  uaed 
for  poaition  indication.  Inproved  electronics,  nap  preparation  and  nap  changing  aade 
the  uae  of  prepared  aapa  easier.  Integral  NVG  conpatlbla  lighting  provided  excellent 
readability.  Although  the  K10-2  Map  Display  ia  still  rather  bulky  it  waa  recoaaened 
because  to  our  opinion  it  ia  considered  an  essential  tool  for  safe  low  level  NVQ 
operations. 

4.4  External  lighting. 

The  landing  lanp  waa  fitted  with  an  IR  filter,  the  light  intensity  was  too  high 
for  NVG  operations.  It  was  round  the  a  white  navigation  light  of  variable  intenaity 
provided  sufficient  light  for  NVG  landings  and  naneuvering  in  unprepared  landing  zones. 

Navigation  and  foraation  lights  have  to  be  defined  at  a  later  stage  of  the 
prograa,  in  Field  Trials,  after  a  sufficient  nuaber  of  aodified  helicopters  has  been 
introduced  in  the  fleet. 


4.5  Final  Goggle  evaluation. 


The  BM  8043  and  the  AN/AVS-6  functioned  well  in  the  blue  cockpit,  a  day  VMC  type 
cockpit  cross-check  could  be  adopted.  Until  late  in  the  prograa  the  pilots  had  no 
particular  preference  for  either  type.  Sons  found  the  BM  8043  easier  to  focus.  All 
pilots  liked  the  break  away  coupling  of  the  AN/AVS-6.  First  of  all,  froa  the  flight 

safety  point  of  view  and  second,  because  it  allows  the 
&  user  to  stow  or  reao.e  the  goggles  in  flight  if  so 

■  desired.  Another  useful  feature  was  that  the  Visor  waa 

■  ***  operable,  with  the  goggles  in  the  stowed  position.  This 

■  feature  is  particularly  uaeful  when  flights  are  perforaed 

■  nB  f  around  sunrise  or  sunset,  with  the  sun  Just  over  the 

V  -  e  B  horizon.  Towards  the  end  of  the  flight  trials  another 

•  Wj  aodel  of  the  BM  8043  with  "Break  Away"  coupling  becaae 

f  available  for  testing.  A  few  ainor  aodif ications  to  the 

goggle-  and  visor  asaeably  aade  the  use  of  the  Visor 
possible.  Because  the  design  of  the  BM  8043  is  sturdier 
than  that  of  the  AN/AVS-6,  ANVIS  goggles  and  leas 
sensitive  to  teaperature  changes  and  because  the  Lythiua 
battery  pack  offers  longer  operating  tine,  with  triple 
redundancy,  this  aodified  version  was  recoaaended.  Figure 
10  shows  the  aodified  BM  8043NVG’s. 


BM  8043  Modified. 
Figure  10. 
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4.6  Qo||U  performance. 

The  pcrforaance  of  th«  2nd  and  3rd  generation  laago  Intensifying  Tubes  (IIT)  was 
qualitatively  avaluatad.  At  tba  atart  of  tha  trials  existing  light  levels  were  aeesured 
on  tha  ground,  We  soon  abandonad  the  proeadura  bacausa  tba  aaasurad  valuaa  at  ground 
loyal  wara  not  reprasantatlaa  for  those  that  wars  encountered  In  flight.  All  pilots 
prafarrad  tha  3rd  generation  Ilf's,  they  had  battar  raaolution,  laaa  noisa  and  bat  tar 
parforaanca  undar  aarglnal  condition.  Ona  sat  of  3rd  gan.  HT’a  wwa  of  particularly 
poor  quality,  looking  through  these  goggles  was  like  looking  through  a  dirty  window.  In 
spits  of  this,  under  aarglnal  light  conditions  they  parfornad  bettor  than  the  bast  of 
tha  2nd  gan.  +  Ilf's.  3rd  generotion  IIT’s  ware  racoananded. 

4.7  Stability  Augaantation. 

Tha  2  axis  SAS,  tha  testbed  helicopter  originally  was  equipped  with,  only 
provided  short  tara  rata  daaping  and  could  only  ba  used  in  level  cruise  flight.  We 
required  a  "fly  Thru"  aysten  that  was  optialaad  for  low  speed,  low  altitude 
aaneuvarlng.  Tha  only  other  30-106  certified  aystaa  that  waa  available  at  that  tine  was 
a  3  axis,  attitude  referenced  Control  and  Stability  Augaantation  Systea  (CSAS).  The 
aystaa  was  duplex  in  tha  roll  and  pitch  channels.  It  could  ba  operated  in  2  nodes,  tha 
Attitude  Hold  (ATT)  node,  it  provides  long-tarn  attitude  retention  and  tha  Stability 
Augnentatlon  (SAS)  node,  it  is  a  "fly  Thru"  aoda  that  provides  short  tern  attitude 
daaping  during  annual  flight.  A  rate  daaper  and  a  "Force  Oradlent"  with  Mug  Brake  were 
used  in  the  yaw  axea.  The  Yaw  SAS  waa  designed  for  feat-on-the-f lcor  operations  in 
cruise  flight,  the  systea  had  to  ba  switched  off  before  landing.  To  allow  the  uso  of 
the  Yaw  SAS  during  low  speed  aanauvaring  flight,  tha  gradient  of  the  pedal  force?  was 
altered. 

The  systea  elialnated  the  dynaaic  instability  in  pitch  and  reduced  aost  of  the 
control  cross  coupling  effects  that  are  inherent  to  "Hingelaaa”  rotors.  Specifically 
the  low  airspeed  flying  qualities  were  greatly  iaproved,  tha  reduction  in  pilot 
workload,  when  flying  with  NVQ’s  at  low  altitude  and  in  turbulence  was  considerable. 
The  ATT  node  wan  not  intended  to  be  used  as  a  "Fly  Thru"  node.  During  the  low  level 
navigation  flights,  we  tried  it  anyway  and  found  that  tha  increased  positive  cantering 
of  the  cyclic  stick  and  the  automatic  return  to  wings  level  attitude  reduced  workload 
on  long  stretches  even  further.  The  iaproved  stability  and  qualities  are  also 
satisfactory  for  IFR  flight.  Because  the  10-106  niaslon  aainly  involves  dual  crew 
operations,  a  single  channel  3  axis  SCAB  was  recoaaanded. 

4.8  Low  Level  navigation. 

for  low  level  navigation  an  AN/AtiS~128  LDN3  waa  aelsetad  for  evaluation.  Up  to 
10  Waypoints  could  be  entered  into  the  Control  an  Display  Unit  (CDU).  Tha  CDS  displays 
navigation  data  in  a  digital  fora.  Tha  CDU  drives  the  Steering  Hover  Indicator  (SHIU), 
in  the  WAV  node,  it  displays  distance,  left-right  steering  inforaation  and  ground 
speed.  This  inforaet.on  is  particularly  useful  for  point  to  point  navigation,  it 
enables  the  crew  to  roughly  aatiaate  the  position  in  relation  to  the  destination.  For 
contour  flight  navigation  at  night,  accurate  position  inforaation  is  essential.  Without 
any  additional  equipnent  the  co-pilot/navigator  still  had  to  keep  tracx  of  hia  position 
on  a  band  held  nap.  Only  flights  over  neaorised  routes  were  considered  safe. 

The  key  to  routine  night  low  level  operations  was  the  Illuainated  Automatic  Map 
Display.  It  allowed  the  co-pilot/navlgator ,  to  nonitor  his  position  instead  of  having 
to  plot  it  continuously.  Fast  position  updates  on  the  nap  on  sny  outstanding  terrain 
feature  were  posaible.  We  only  had  1:60.000  and  1:260.000  scale  naps  of  the  area 
available.  The  latter  did  not  have  enough  detail  and  tha  former  had  to  be  changed  quite 
frequently.  We  hope  that  1:100.000  scale  naps  with  just  enough  detail  to  avoid  clutter, 
will  soon  be  available.  Another  inprovaaent  that  would  increase  the  value  of  the  Map 
Display  would  be  an  interface  that  allows  automatic  update  of  the  LDHS  by  seaoi  of  a 
position  update  on  the  Nap  Display.  Another  welcone  inprovaaent  would  be  a  drastic 
raducticn  in  weight  and  voluae. 

8.  Suaaary. 

With  the  recoaaanded  equipment  package  it  was  dsaonstruted  that  a  BO-105 
helicopter  could  ba  operated  by  experienced  helicopter  pilots  low  level  at  night  over 
fairly  unfaailiar  terrain  under  adverae  weather  conditions. 

The  helaet  aountad  HVQ's  gave  ua  a  night  low  level  capability,  the  3rd  gen  IIT's 
added  an  extra  darknesa  and  reduced  visibility  aargin. 

Tha  blue  NVQ  cockpit  lighting  Bade  easy  aonitoring  of  flight  end  engine 
performance  instruaents  possible  and  allowed  the  use  of  navigation  equipnent.  This 
greatly  iaproved  confidence  and  reduced  workload. 

The  Illuainated  Nap  Display  iaproved  navigation  accuracy,  reduced  the  workload 
of  the  navigator,  and  allowed  hia  Bore  "lyes  Out  the  Cockpit"  tiae,  with  added  flight 
safety. 
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The  C8AI  improved  the  overall  flying  qualities  in  cruise,  la  low  speed 
maneuvering  flight  and  la  turbulence.  Pilot  workload  waa  greatly  reduced. 

the  III  instruments  la  lha  .teat  bad  helicopter  Bade  IFR  recovery  possible  la 
thoaa  laataaooa  that  tha  weather  deteriorated  below  NVQ  capabilities.  Tha  addition  of  a 
TACAM  waa  reeokaeadadi  to  provide  tba  80-106  witb  a  allltary  in  capability,  thle  will 
add  to  the  aafaty  of  flight  duriag  KVa  operatioas  under  aorgiaal  weather  conditions  aad 
greatly  iaeraaaa  ita  "Round  The  Clock"  oporatlag  capability. 

6.  *0-106  0  Nld  Lifo  Update  Program. 

Update  Prograa  hsa  received  Parliamentary  approval.  la  February  1986  the 
coastructloa  of  a  prototype  waa  aterted  at  our  ovarhaul  facility  (DVN)  at  Qilaa  Hi Jon 
Alrbaea,  with  assistance  of  tha  airfraao  aaaufacturar  Nil.  The  flight  taatprograa  hae 
recently  boaa  completed.  kith  the  aaaiatance  of  ayataa  engineers  of  NIB  aad  Sparry  tha 
ayateaa  ware  tested  aad  tuned  iu  flight,  kith  tha  exception  of  tha  cockpit  lighting, 
all  ayataas  functioned  according  to  specification.  Tha  cockpit  lighting  evaluation 
could  not  ba  carried  out  due  to  lots  delivery  by  tha  aanufacturora.  ly  tha  and  of  1986 
the  retrofit  prograa  lo  planted  to  start.  In  thin  prograa  the  following  nodiflcatlons 
will  be  carried  out: 

a.  Bedesign  of  tha  pedestal  ahape,  to  iaeraaaa  forward  fiald  of  viaw  (Fig. 11). 
Coapleta  radaaiga  of  tha  cockpit  layout  and  electrical  ayataa.  Thla  includes 
co-pilot  IF8  iastruaoata  and  PVQ  conpatible  "Hue"  lighting. 

s 

b.  Installation  of  S.I.I.  AH/ASN  128  Light  Doppler  Navigation  Systea,  O.l. C. 
Avionics  TACAN,  King  XN  40S  Radar  Altlaeter,  Sperry  Helipilot,  single  channel, 

3  awls  CSAS  and  MVO  conpatible  external  lighting. 

Additionally  tha  procureaeut  of  a  nunber  of  BN  8043  Mod.  with  gan  3  IIT’s  and 
K10-2  nap  Displays  have  boon  ordered. 

?.  Recognitions. 

Me  like  to  express  our  appreciation  to  all  those  aanufacturora,  that  allowed  us 
to  evaluate  their  equipnent,  for  their  welcone  advise  and  support.  Na  also  Ilka  to 
thank  tha  Royal  Aircraft  Kstabllshaant ,  Farnborough  and  the  ATV ,  Buckaburg,  fron  whoa 
wo  obtained  a  considerable  aaount  of  valuable  advise. 


Overhead  eonsola 
instrument  panel 
Switch  panel 
Center  consols 


Redesigned  Pedeetal 
Figure  11. 
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A129  ADVANCED  SOLUTIONS  FOR  MEETING  TODAY'S  COMBAT  HELICOPTER  REQUIREMENT 

BY 

GIUSEPPE  VIRTUANI 
CHIEF  PROJECT  ENGINEERING  A129 

COSTRUZIONI  AERONAUTICHE  G.  AGUSTA  21017  SAMARATE  -  VARESE  -  ITALY 


SUMMARY 

The  A129  is  a  light  attack  helicopter  developped  for  the  ITALIAN  ARMY  in 
the  anti  tank  configuration. 

The  A129  has  a  four  blades  articulated  main  rotor  compatible  with  Mast 
Mounted  Sight'  (MMS)  installation;  it  is  a  twin  engine  helicopter  with  tan 
dem  cockpit  configuration  provided  with  armored  and  crashworthy  seats  and 
an  environmental  control  system  integrating  an  air  filter. 

The  fuselage  and  related  installations,  as  the  landing  gear  and  the  fuel 
tanks  are  designed  to  withstand  loads  arising  in  case  of  crash. 

For  the  ITALIAN  ARMY  configuration  the  weapon  is  represented  by  the  TOW 
missile  system  with  day  and  night  operative  capability,  and  by  an  advan¬ 
ced  rocket  system,  while  a  variety  of  alternative  weapon  can  be  attached 
under  the  four  wing  stations.  In  addition  to  the  various  avionic  mission 
equipments,  a  large  computer  structure  integrating  the  main  helicopter 
subsystems  is  installed. 

The  A129  represents  the  answer  to  the  modern  and  severe  operational  requi¬ 
rement,  asking  the  A/C  maximum  survivability,  day,  night  and  adverse  whea- 
ter  operational  capability,  easy  maintenance  on  the  field,  flexibility  for 
a  quick  weapon  reconfiguration  and  affordable  acquisition  and  operative 
costs. 

The  key  factor  to  achieve  all  these  requirements  has  been  the  technological 
innovation  considered  from  the  early  phase  of  the  design. 

The  technological  innovation  is  baBed  on  two  primary  aspects; 
the  adoption  of  advanced  technologies  and  the  detailed  analysis  of  the  phy¬ 
sical  and  functional  characteristics  of  each  helicopter  subsystems,  in  or¬ 
der  to  optimize  their  integration  and  their  compliance  to  the  operational 
requirement. 

Som?  innovative  architectural  solutions  represent  the  result  of  this  work, 
and  are  illustrated  in  the  report. 

The  main  rotor  hub  end  transmission  is  described  as  example  of  not  conven¬ 
tional  and  advanced  technology  design. 

The  engine  installation  represents  the  case  of  a  cor.fi gurati on  where  the 
operative  requirement  induced  a  deep  physical  integration  among  the  sub¬ 
systems. 

The  large  computer  structure,  or  INTEGRATED  MULTIPLEXING  SYSTEM  (IMS)  in¬ 
stalled  on  the  A129,  based  on  the  multiplexing  and  microprocessors  techno¬ 
logy,  constitutes  a  major  example  of  functional  integration  between  the 
helicopter  and  mission  subsystem. 
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INTRODUCTION 

The  Aguata  A129  is  a  light  combat  helicopter,  developped  under  commitment 
of  the  ITALIAN  MINISTRY  OF  DEFENSE. 

The  first  production  batches  will  be  operated  by  ITALIAN  ARMY  primarily  in 
the  antitank  configuration. 

The  A129  has  a  single  four  blades  articulated  main  rotor  compatible  with  a 
Mast  Mounted  Sight  (MMS)  installation,  and  a  two  blades  semirigid  tail  ro¬ 
tor. 

It  is  powered  by  two  Rolls  Royce  MK1004  engines  of  about  1000  Shaft  Horse 
Power  ( SHP)  each,  located  in  an  engine  installation  designed  for  operations 
in  severe  ambient  conditions  including  a  particle  separator  and  a  low  Infra 
Red  emission  exhaust  system. 

The  drive  system  consists  of  a  main  transmission,  with  high  speed  engine  in 
put  shafts,  and  a  tail  transmission,  with  supercritical  shafts  and  grease 
lubricated  gearboxes. 


A129  HELICOPTER  IN  ANTITANK  CONFIGURATION 


The  fuselage  has  the  forward  section  dedicated  to  the  cockpit  area,  with  a 
tandem  crew  configuration  where  gunner-copilot  seat  is  located  in  the  for¬ 
ward  position,  and  pilot  in  the  rearward  one. 

On  the  nose  is  located  the  sight  of  tne  antitank  TOW  misaile  system,  with 
day  end  night  operative  capability,  above  which  is  set  tha  infra  red  sen¬ 
sor  of  the  pilot  night  vision  system. 

Crew  is  protected  by  armored  and  crashworthy  seats . 

An  environmental  control  system  is  included  in  the  basic  A/C  configuration 
and  can  be  integrated  with  a  biological  and  chemical  filter  to  protect  crew 
from  the  external  contaminated  air. 

In  the  central  part  of  the  fuselage  ore  installed  two  crashworthy  and  self¬ 
sealing  fuel  tanks. 

The  landing  gear  is  derigned  to  withstand  limit,  hard  landing  and  craah 
loads,  absorbing  the  most  kinetic  energy  during  an  impact  of  the  aircraft 
with  the  ground. 

About  the  weapons  and  mission  equipments,  the  A129  in  the  nnti  tank  confi¬ 
guration  for  the  ITALIAN  ARMY  will  have  the  TOW  missile  system  as  primary 
weapon,  and  an  advanced  rocketr.  system  as  alternative  or  complementary  one. 
The  avionic  package  will  include  communication  and  navigation  systems,  air¬ 
craft  survivability  equipments  as  radar  and  laser  warning,  and  radar  and 
infra  red  jammer,  viaionie  system  for  night  operations,  based  on  Fiir  sen¬ 
sors  and  Helmet  Sights  and  a  large  computer  avionic  structure  that  manages 
and  integrates  the  mission  equipments  and  the  aircraft  subsystems. 


A129  and  the  modern  combat  helicopter  requirement 


The  A129  represents  the  result  of  an  iterative  joint  work  started  in  1972 
between  ITALIAN  MINISTRY  OF  DEFENSE  and  AGUSTA,  to  define  modern  operatio¬ 
nal  requirement  for  combat  helicopter  from  the  military  side  and  a  techni¬ 
cal  solution  from  the  industrial  side. 

Sintetically  speaking,  the  main  and  driving  operational  requirements  are: 

-  Suitability  of  the  weapons  and  mission  equipments  for  the  required  role(s) 

-  Survivability  of  the  aircraft  during  the  operations,  in  a  scenario  where 

a  sophisticated  threat  is  present,  as  IR  and  Radar  guided  missiles,  biolo- 
giccl  and  chemical  contaminated  atmosphere,  small  caliber  weapons,  etc. 
Survivability  induces  the  A/C  to  have  a  noticeable  agility,  to  present 
a  low  detectability  cr  low  visual  acoustic  radar  and  IR  signature,  plus 
the  installation  of  electronic  warfare  warning  and  jammers,  to  show  a  good 
ballistic  tolerance  and  installations  against  contaminated  atmosphere,  and 
to  provide  adequate  crashworthy  safety  margins. 

-  Capability  of  operating  during  adverse  weather  and  ambient  conditions,  day 
and  night 

Other  important  requirements  are; 

-  The  capability  of  operating  from  the  field  (first  level)  with  minimum  sup¬ 
port  showing  an  high  degree  of  availability 

-  The  total  acquisition  and  operative  cost  of  the  whole  helicopter-weapon 
system;  or',  in  other  terms,  its  affordability. 

In  addition  it  must  be  outlined  the  requirement  of  flexibility  of  the  helicop¬ 
ter  for  a  weapon  and  mission  equipments  reconfiguration,  in  order  to  improve 
the  operational  flexibility  using  the  same  aircraft  for  other  combat  roles 
as  scout,  escort  etc. 

The  Mast  Mounted  Sight  (MMS)  and  the  turrett  gun  under  the  nose  provisions 
are  good  examples  of  installations  already  considered  during  the  development 
phase  of  the  A129. 
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Strictly  tied  to  the  above  requirement  there  ia  to  be  mentlonned  an  emerging 
trend  that  requires  the  development  of  the  helicopter  family;  that  means  he¬ 
licopters  of  similar  sice,  able  to  satisfy  different  roles  and  generated  from 
the  same  design  os  variants  or  derivatives ,  with  the  maximum  commonality  a- 
mong  them. 

Example  is  tne  developement  of  the  battlefield  support  helicopter  derived 
from  the  combat  A129  maintains  the  same  dynamic  components. 

Technological  innovation  applied  to  the  A129 

The  technological  innovation  has  been  considered  during  the  design  phase  as 
a  key  'actor  to  reach  the  technical  goals  set  by  the  operational  requirement. 
The  technological  Innovation  on  A129  ia  based  on  two  mein  factors: 

-  the  adoption  of  advanced  technologies 

-  the  detailed  analysis  of  physical  and  functional  characteristics  of  each 
subsystem  in  order  to  optmimize  their  integration  adressed  to  the  opera¬ 
tional  requirement  compliance. 

The  marriage  between  these  two  aspects  originated  some  innovative  architec¬ 
tural  solutions  representing  optimum/ trade-off  answers  to  the  requirements. 
Some  aircraft  subsystems  are  here  illustrated  as  examples  of  such  technologi¬ 
cal  innovation. 

1.  Main  Rotor  Pylon  tBotor  and  Transmission) 

.  The  driving  requirements  for  the  main  rotor  of  the  A129  are: 

Agility  and  handling  qualities 
(adequate  control  power  at  high  and  low  G) 

Low  vibratory  levels 

Survivability:  detectability  and  vulnerability 

Operation  in  severe  external  environment  (wind  and  icing  conditions) 

MMS  compatibility 

High  degree  of  RAM  (Reliability,  Availability,  Maintainability) 

.  The  main  rotor  is  fully  articulated,  with  four  blades  in  composite  ma¬ 
terial  attached  to  the  hub  assy  through  composite  grips. 

In  each  grip  is  located  a  single  elastomeric  bearing  that  allows  the 
blade  rotations  along  the  three  flapping,  lead-lag  and  pitch  axis. 

(See  fig,  1.1) 

.  Three  main  design  goals  have  been  achieved  by  this  main  rotor  lay-out, 
that  shows  a  noticeable  improvement  with  respect  to  the  conventional 
rolling  bearing  rotors: 

Articulated  rotor  = 

The  rotor  is  kept  as  pure  articulated  in  flight,  around  a  single  virtual 
hinge  because  this  architecture  provides  low  vibratory  levels  transfer¬ 
red  by  the  blades  to  the  A/C  while  gives  a  suitable  rotor  control  power 
for  the  A/C  agility,  with  a  proper  value  of  the  hinge  offset. 

Simplicity  = 

The  design  of  a  single  elastomeric  bearing  for  each  hub  arm  induces  a 
great  simplicity,  with  a  large  reduction  of  the  number  of  the  hub  com¬ 
ponents,  and  relevant  benefits  of  weight  and  manufacturing  cost. 
Furthermore,  the  "On  Condition"  criteria  for  maintenance  is  applicable 
for  the  most  rotor  components,  cutting  down  the  operating  cost  and  im¬ 
proving  the  maintanability  and  availability  characteristics. 

Safety  = 

In  general,  a  damage  t.o  a  metallic  rotor  component  can  seriously  jeopar¬ 
dize  the  flight  safety,  for  the  high  speed  of  the  crack  propagation. 
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The  damage  can  be  originated  by  a  defect  of  the  component  (quality  or 
servicing  problem)  or  by  an  external  reason  aa  a  ballistic  threat. 

The  use  of  composite  and  elastomeric  materials  allows  the  design  of 
components  with  very  low  crack  propagation  speed  and  many  safe  flights 
are  possible  after  the  appearance  of  the  damage;  a  great  level  of  safe¬ 
ty  is  thus  achieved. 

.  The  main  rotor  blade,  manufactured  in  composite  material,  has  been  de¬ 
signed  for  optimizing  aerodynamic  performance,  low  acoustic  noise  signa¬ 
ture,  and  ballistic  tolerance  till  to  23  mm  hit. 

.  The  rotating  controls  of  the  mein  rotor  have  been  designed  to  bo  compa¬ 
tible  with  a  Maat  Mounted  Sight  installation.  (See  fig.  1.2) 

The  control  rods  connect  the  swashplate  assy  located  above  the  hub  pla¬ 
ne  to  the  servo  actuators  set  at  the  center  of  the  transmission  assy. 

The  four  reduction  stages  transmission  is  of  modular  design  and  it  is 
attached  to  the  a/c  fuselage  by  means  of  a  redundant  pylon  support  sy¬ 
stem. 

.  The  main  transmission  presents  a  peculiar  annular  geometry,  having  in¬ 
side  the  support  to  the  servo  actuators. 

The  design  of  this  four  reduction  stages  transmission  is  oriented  to¬ 
wards  the  modularization:  it  is  structured  in  several  subassemblies, 
each  of  them  is  monitored  by  a  dedicated  systems. 

For  logistics  and  ballistic  protection  many  subassemblies  are  directly 
installed  on  the  transmission  assy: 

-  the  two  hydraulic  power  supply  groups,  physically  seperated  eacn  other 

-  the  transmission  oil  cooling  system 

-  the  electric  alternator 

-  the  compressor  for  the  crew  environmental  control  system 
that  allows  a  minimum  number  and  ler.ght  cf  hydraulic  lines. 

To  further  improve  the  accessibility  to  the  pylon,  the  air  intake  struc¬ 
ture  is  hinged,  and  can  be  ooened  as  a  large  door. 

2.  Engine  installation  of  the  A129  (See  fig.  2.1) 

The  engine  installation  of  the  A129  is  a  good  example  of  a  system  integra¬ 
tion,  developped  to  satisfy  the  following  operational  requirements: 

-  minimum  vulnerability ,  that  means; 

low  detectability,  that  is  achieved  by  minimizing  the  iH  signature  from 
the  engine  bay  and  exhaust  gasses 

low  vulnerabil ity  to  ballistic  damage,  that  is  achieved: 
by  the  choice  of  a  twin  engine  configuration, 

by  the  definition  of  an  emergency  power  level  applicable  to  the  engine 
and  transmission  in  case  of  the  other  engine  failure 

by  a  proper  positionning  of  the  two  engines,  set  at  a  suitable  distance 
each  other  and  ball ist.ical ly  separated 
by  a  fire  resistant,  engine  bay 

by  a  redundant  engine  support  system,  able  to  withstand  the  loads  ari¬ 
sing  in  case  of  crash 

by  the  design  of  a  ballistic  and  crash  tolerant  dual  fuel  tanks,  connec¬ 
ted  to  the  engines  by  independent,  fuel  linos,  with  the  fuel  pressure  con- 
tinously  monitored  by  the  on  ooard  computer  able  to  manage  the  fuel  val¬ 
ves  in  case  of  ballistic  damage. 

-  The  operativity  in  severe  ambient  conditions,  that  is  achieved: 

by  integrating  into  the  air  intake  an  inertial  engine  particle  separator 
(FOD  and  sand) 
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by  developping  an  angina  air  intaka  able  to  operate  in  Icing  conditions 

-  The  Supportabtllty  on  the  field,  that  la  achieved: 

by  an  eaay  acceawlbU ity  to  the  engines  for  cecks  or  removal, 
by  avoiding  any  need  of  allgnemont  procedure  or  tooling  when  the  engine 
la  lnetalled  on  the  helicopter 

by  the  use  of  an  Integrated  engine,  where  all  the  engine  accessories  as 
the  oil  cooling  system,  the  Electronic  Governor,  the  suction  fuel  system 
are  packed  Into  the  engine 

by  a  modular  engine  architecture,  where  the  moat  of  the  engines  modules 
are  physically  and  functionally  interchangeable 

by  an  engine  health  monitoring  system  installed  into  the  helicopter,  that 
coritinouely  monitors  the  proper  engine  behavior  in  flight,  automatically 
manages  the  caution  and  warning  messages  In  case  of  malfunction  or  limit 
exceedance,  and  record  the  engine  usage  for  maintenance  purpose. 

In  addition  thla  system  allows  crew  to  perform  an  instantaneous  engine 
power  neck  within  the  helicopter  flight  envelope. 

-  Minimum  penalties  (weight  and  power  losses)  to  accomplish  all  the  above 
functions. 

3.  Integrated  Multiplexing  system  (IMS)  on  the  A129 

.  The  A129  is  provided  with  an  avionic  integrated  structure  based  on  tho 
microprocessor  and  multiplexing  technology  using  a  data  bus  according 
to  the  MIL  15531! . 

This  redundant  and  centralized  processing  structure  enables  an  efficient 
exchange  of  informations  between  the  basic  A/C  subsystems,  mission  equip¬ 
ments  and  crew. 

.  This  technical  solution  is  the  answer  to  the  mission  requirements,  asking 
the  avionic  structure: 

-  to  maximize  the  mission  success  probability 

-  to  provide  adequate  safety  margin  in  case  of  failure  or  ballistic  damage 

-  to  maximize  the  availability  of  the  A/C,  reducing  the  maintenance  time 

-  to  reduce  the  physical  penalties,  in  terms  of  room  and  weight, for  the  in¬ 
stallation  of  the  avionic  structure  and,  finally, 

-  to  reduce  the  cost,  and  improve  the  flexibility  for  the  future  integra¬ 
tion  of  ether  mission  equipments. 

In  general,  a  conventional  avionic  architecture  requires,  from  the  Hardwa¬ 
re  aspect,  dedicated  sensors,  dedicated  controls  and  displays  and  proces¬ 
sors. 

No  redundancy  is  provided,  and  the  mission  success  probability  is  depending 
from  the  product  of  the  reliability  of  each  critical  function. 

In  the  case  of  the  A129,  a  redundant  computer  and  data  bus  is  provided,  with 
cross  strap  autoreconfiguration  capability;  thus  a  relevant  higher  value  of 
mission  success  probability  is  achieved. 

Another  important  characteristic  of  this  architecture  is  that  all  the  data 
collected  from  the  sensors  or  processed  by  the  computer  are  available  both 
to  pilot  or  copilot  gunner. 

.  Design  considerations  required  an  information  linkage  between  subsystems 
accomplished  by  a  si3tem  very  safe  and  reliable,  while  the  reconfiguration, 
the  performance  vs.  weight  ratio,  the  noticeable  accuracy  required  by  the 
functions  and  the  flexibility  requirement  oriented  the  technical  solution 
towards  a  digital  technology.  (See  fig,  3.1). 

The  avionic  structure  of  A129  is  based  on  two  equals  computers,  each  of 
them  operating  on  the  same  data  and  provided  with  autodiagnostic  capability. 
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The  computers  are  connected  through  a  redundant  bU3  1553B  to  remote  uni  * 
collecting  from  the  aubsyatems  sensors  the  data,  concentrating  them  on  the 
bun,  ar.d  properly  distributing  the  results  of  the  processing  steps. 

The  interface  of  the  computing  strueturo,  called  integrated  multiplexing 
system  (IMS)  with  the  crew  consists  of  two  devices  installed  on  the  cockpit: 

-  a  multifunction  display  unit  which  is  basically  an  interactive  video  display 
terminal 

-  a  multifunction  keyboard  . 

Aoout  the  physical  aspects,  the  IMS  consists  of  four  black  boxes  (two 
master  units  containing  the  processors  and  two  remote  units)  two  keyboards 
ard  two  multifunction  CRT  displays. 

The  IMS  has  been  designed  to  perform  the  following  functions: 

-  CNI  (Communication  Navigation  and  Identification)  control  and  management 

-  AFCS  (Automatic  Flight  Control  System),  including  basic  stabilization 
and  highe  -  modes  of  the  stab,  lization  and  control  augmentation  system 
(SCAS),  coupled  with  the  navigation  system  sensors. 

Flight  director  functions  are  possible,  for  operational  use,  as: 

—  -  Flight  plans  (definition  and  AFCS  coupling) 

—  Attack  mode,  maintaining  the  attitude  altitude  and  heading  for  the 
weapon  release 

—  Course  and  hover  hold 

—  Vertical  and  forward  ground/airspeed  hold 

—  Integration  with  the  A/C  flight  controls  in  order  to  make  possible  a 
FLY  BY  WIRE  mode  for  main  and  tail  rotors. 

-  Weapons  control  (advanced  rockets,  turre*t  gun) 

-  Aircraft  performance  monitoring 

-  Caution  and  Warning  management 

-  Symbc^ogy  generation  for  pilot  and  copilot  presented  on  the  helmet  sight 
or  displays 

-  Operators  interface 

-  Autodi agnostic  and  diagnostic  of  the  equipments  connected  to  IMS 

-  Engine  and  fuel  system  management  and  monitoring 

-  Electrical  power  distribution  management  and  control 

-  Hydraulic  and  transmission  systems  management  and  monitoring 

An  important  operational  result  has  been  achieved  by  the  installation  of 
the  IMS  on  A129,  that  is  the  heavy  work  load  required  to  the  crew  by  the 
combat  mission  is  alleviated  by  the  on  board  avionic  computer  structure . 

It  allows  the  crew  to  concentrate  on  the  mission  accomplishment  rather 
than  the  management  and  monitoring  the  helicopter  and  mission  subsystems. 


PIG*  3*1  A129  Integrated  Multiplexing  SjritM  (INB) 
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SUMMARY 

The  AH-64A  Apache  Is  In  service  with  the  United  States  Amy.  This  paper  documents  the  operational 
requirements  that  drove  the  design  of  the  Apache  and  caused  the  particular  combination  of  attributes 
possessed  by  the  aircraft.  Attributes  to  be  discussed  Include  performance,  survivability, 
crashworthiness,  transportability,  deployability,  navigation,  target  acquisition  and  weapon  systems. 

The  second  part  of  the  paper  documents  the  changes  emerging  In  operational  requirements,  the  threat 
and  technology  and  the  probable  Impact  of  these  changes  on  the  Apache  of  the  future. 


INTRODUCTION 

On  the  Integrated  battlefield  of  today  and  the  future  the  AH-64A  "Apache"  Advanced  Attack 
Helicopter,  Is  a  valuable  force  multiplier  and  provides  an  added  lethal  dimension  to  the  combined  arms 
team.  The  AH-64A  provides  an  Immediate  response  to  the  needs  of  the  ground  coimander .  The  first  attack 
helicopter  ever  developed  specifically  for  day,  night  and  adverse  weather  anti-armor  missions,  it  has 
the  ability  to  fight  and  survive  at  the  forward  edge  of  the  battle  area. 

The  AH-64A,  shown  In  Figure  1,  Is  a  twin-engine  four-bladed  helicopter  operated  by  a  tandem-sented 
crew  of  two  which  delivers  unprecedented  firepower  quickly  and  with  accuracy.  The  pilot  Is  located  in 
the  rear  cockpit,  placing  the  copilot/gunner  (CFG)  In  the  forward  position  where  he  can  concentrate  on 
detecting,  engaging  and  destroying  enemy  targets  with  an  array  of  weaponry  Including:  HELLFtRE  missiles, 
aerial  rockets  and  the  McDonnell  Douglas  Helicopter  Company  30mm  Chain  Gun®  Area  Weapon. 


FIGURE  1 


To  enable  the  Apache  to  fly  and  fight  at  night  and  during  periods  of  reduced  .‘slblllty,  a  unique 
Pilot  Night  Vision  Sensor  (PNVS)  and  Target  Acquisition  and  Designation  Sight  (TADS)  was  developed  and 
Integrated  to  permit  navigation  and  precision  attacks  under  low  visibility  and  night  battlefield 
conditions.  The  Apache's  mission  roles  Include  anti-armor,  covering  force,  flank  security,  economy  of 
force  and  airmobile  escort.  The  AH-64A  provides: 


a  Superior  air  vehicle  performance 
e  Day,  night  and  adverse  weather  operations 
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•  Multiple  firepower  options 
e  Twin-engine  reliability 
e  Improved  combat  survivability 
e  High  reliability,  availability  and  maintainability 
e  Rapid  'earn  and  refuel  capability 
e  Self-deployment 
e  All  transportability 

In  1981,  three  YAH-64's,  Apache  prototypes,  participated  In  a  3-month  exercise  called  OT-II 
(Operational  Test  II)  In  which  all  weapons  and  systems  were  field  tested  by  the  U.S.  Army  under 
operational  conditions.  The  results  of  this  exercise  proved  that  the  YAH-64  was  reedy  for  production. 

In  July  1981,  Mesa,  Arizona  was  selected  as  the  site  for  the  company's  new  240,000  square  foot  assembly 
plant  for  the  AH-64.  On  15  April  1982,  a  production  contract  was  signed  for  the  first  11  Apaches,  the 
first  of  which  rolled  out  on  September  30,  1983.  The  production  rate  Is  stabilized  at  12  per  month. 
Aircraft  number  150  has  been  delivered  to  the  Army.  The  Apache  has  been  fielded  to  combat  units  giving 
combat  commanders  around  the  clock  attack  helicopter  capability  never  before  achieved. 

In  the  meantime,  however,  much  has  changed.  The  U.S.  Army  has  adopted  Army  21  as  Its  new  battle 
doctrine.  The  threat  Is  Increasing  considerably  In  type  and  level  of  sophistication  and  new 
technologies  are  developing  which  give  us  the  tools  to  adapt  to  the  changing  environment.  For  these 
reasons,  the  U.S.  Army  and  McDonnell  Douglas  Helicopter  Company  are  taking  steps  to  assure  the 
projection  of  Apache's  superior  effectiveness  far  Into  the  future. 

The  following  paragraphs  first  briefly  discuss  the  operational  needs  that  drove  the  design  of  the 
AH-64A  and  then  discuss  how  changes  in  battle  doctrine,  the  threat  and  technology  will  result  in  updates 
to  the  Apache  to  maintain  Its  effectiveness. 


U.S.  ARMY  MISSION 


ATTACK 

The  primary  mission  of  the  AH-64A  requires  engagement  and  defeat  of  enemy  armor  In  day,  night  and 
adverse  weather.  The  Apache  Is  required  to  detect,  recognize  and  engage  multiple  targets,  and  operate 
around-the-clock  In  adverse  weather.  It  denies  er.emy  forces  the  normal  advantage  of  night,  adverse 
weather  conditions  and  superiority  of  numbers. 

AIRMOBILE  ESCORT 

These  missions  Include  covering  force,  flank  security,  economy  of  force,  airmobile  escort  and  area 
suppression. 

The  covering  force  mission  Is  to  detect,  Impede  and  disrupt  enemy  forces  approaching  the  main  battle 
area. 

The  flank  security  mission  Is  to  protect  the  flanks  of  the  main  body  forces  from  surprise  attacks. 

The  economy  of  force  mission  Is  to  employ  small,  mobile  forces  in  strategic  areas  so  ground  forces 
can  be  massed  at  the  decisive  time  and  place  elsewhere  on  the  battlefield. 

The  airmobile  escort  mission  entails  the  destruction  or  suppression  of  enemy  personnel,  matarlal  and 
air  defense  In  support  of  heliborne  operations. 

AREA  SUPPRESSION 

In  c  typical  area  suppression  mission.  Infantry  Is  transported  by  tactical  transport  helicopters  to 
seize  or  control  terrain.  The  AH-64A'*.  ability  suppress  enemy  air  defenses  help  ensure  mission  success. 
An  added  advantage  Is  the  Apache's  ability  tn  penetrate  enemy-  defenses  along  a  controlled  corridor  and 
neutralize  river  crossings  or  other  strategic  locations  ahead  of  a  rapidly  moving  armored  column. 


TACTICS 

To  perform  the  above  missions  In  a  high  threat  combat  environment,  Apache  utilizes  the  surrounding 
terrain  to  mask  Itself  while  preparing  to  engage  and  defeat  enemy  threats.  Inherent  agility  and  a  large 
maneuver  envelope  are  required  for  superior  nap-of-the-earth  flight,  minimizing  exposure  to  enemy  weapon 
systems.  Rapid  masking  and  unmasking  during  attacks  required  exceptional  hover  performance  and  engine 
power  availability. 

The  AH-64A  may  engage  targets  autonomous. y  or  work  as  a  team  member.  As  many  as  10  target  locations 
can  be  passed  to  the  AH-64A.  The  fire  control  computer  can  then  pre-position  weapon  systems  and  display 
steering  Information,  providing  rapid  target  engagement. 


DESIGNED  TO  THE  REQUIREMENT 

The  following  paragraphs  highlight  the  design  features  of  the  AH-64A  which  were  driven  by  th_ 
operational  requirements  described  above.  A  more  detailed  general  description  can  be  feund  In 
Reference  1. 

The  Apache  is  48  feet  In  length  and  has  a  primary  mission  weight  of  14,445  pounds.  The  helicopter 
Is  powered  by  two  General  Electric  T700-GE-701  turbine  engines  rated  at  1690  shaft  horsepower  each,  ihe 
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win  rotor  systd  It  fully  articulated  with  four  Min  rotor  blades  and  four  tall  rotor  blades.  At 
prlMry  Mission  weight,  the  Apache  exceeds  the  Minimum  design  requirement  of  450  feet  per  Minute 
vertical  rate  cf  climb  at  4000  feet,  95  degrees  F. 

WEAPON  VERSATILITY 

The  weaponry  Includes  laser-guided  HELLFIRE  Missiles,  30n  Chain  Sun  autoMtlc  cannon  and  2. 75  Inch 
Hydra  folding  fin  aerial  rockets.  Some  examples  uf  the  aneaaent  options  available  to  satisfy  various 
operational  requIreMnts  are  Indicated  by  Figure  2. 


-§  ■ 
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FIGURE  2 


NIGHT  OPERATIONS 


The  Integrated  system  that  allows  the  Apache  to  fly  and  fight  at  night  and  In  reduced  visibility  Is 
the  Pilot  Night  Vision  Sensor  (PNVS)  and  the  Target  Acquisition  and  Designation  Sight  (TADS).  For  the 
AH-64A,  the  decision  to  place  the  copilot-gunner  In  the  front  seat  and  the  pilot  in  the  rear  seat  was 
simplified  by  the  desire  to  Incorporate  direct  view  optics  Into  the  TADS  for  enhanced  daytime  long  range 
target  recognition.  The  optical  relay  tube  transmits  the  direct  view  optics  to  the  copilot-gunner 
station. 


OT«MiTAcau«iTiaNDmMaauTMM8nm  (TADS) 
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•  run 
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A  laser  tracker  Incorporated  In  the  TADS  provides  the  copilot-gunner  with  the  capability  to  rapidly 
acquire  targets  designated  by  other  ground  or  airborne  designator  systems. 

An  optical  relay  tube  (ORT)  provides  the  TADS  controls  and  display  necessary  for  the  copilot-gunner 
to  operate  the  system.  In  the  head-down  mode,  the  copilot-gunner  can  view  the  two  field-of-vlaw  direct 
view  optics  or  a  cathode  ray  tube  which  displays  either  the  two  fleld-of-vlew  day  television  or  three 
fleld-of-vlew  FUR  video.  Additionally,  the  head-down  mode  allows  him  to  view  symbology  for  target 
engagement  and  an  alphanumeric  display  which  provides  fire  control  systma  status  Information.  In  the 
heads-out  mode,  he  can  view  a  panel  mounted  CRT  which  also  displays  day  television  of  FUR  video. 

The  PNVS  allows  the  pilot  to  fly  the  AH-F4  In  the  hostile  night  environment  using  terrain  flying 
techniques.  A  real-time,  passive  "thermal  Image"  of  the  "world"  outside  the  cockpit  window  Is  displayed 
on  a  helmet  mounted  dlsplty  (HMD)  which  the  pilot  views  with  one  eye.  The  TV-like  Image  Is  generated  by 
the  common  module  FUR  sensor  Integrated  within  the  PNVS  turret.  The  FUR  Instantaneous  FOV  Is  30x40 
degrees  but  the  pilot  has  the  capability,  through  the  Integrated  Helmet  and  Display  Sight  System 
(IHADSS)  to  slew  the  turret-mounted  FUR  In  both  azimuth  and  elevation  to  Increase  the  fleld-of-regard 
(FOR).  This  concept  approaches  the  normal  daylight  *out-of -window"  flying  by  allowing  the  pilot  to  see 
FUR  Imagery  of  the  scene  In  the  direction  he  turns  his  head.  The  high  resolution  FUR  Imagery  allow 
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the  pilot,  to  execute  low  lovtl,  contour,  ind  nap-of-the-earth  (NOE)  flight  to  enhance  survivability.  In 
addition,  the  PNVS  allow  a  night  confined  terminal  area  capability  to  execute  maneuvers  such  as  hover, 
bob-up,  renask,  sideward  flight,  takeoff,  landing,  etc.,  with  confidence. 

SURVIVABILITY 

Since  the  Apache  Is  an  armed  combat  helicopter  Intended  to  operate  In  a  high  threat  combat 
environment,  it  was  designed  to  be  extremely  survivable. 

It  1$  tolerant  to  7.62am  machine  gun  fire  and  23mm  cannon  fire  damage  and  continues  to  fly  for 
enough  time  to  egress  the  battle  zone  and  return  the  crew  to  a  safe  area.  For  example,  the  main 
transmission  and  gearboxes  are  designed  to  operate  for  one  hour  without  lubrication.  The  main  rotor 
blades  can  withstand  23nr  hits  and  continue  to  perform  Survivability  was  given  a  great  dee]  of 
attention  in  the  engineering  design  phase.  The  vulnerability  of  this  helicopter  has  been  greatly 
reduced  by  reducing  detectability  through  the  use  of  low  flicker  main  rotor  blades,  composite  materials, 
low  noise  signature,  glint-reducing  flat  transparencies,  a  passive  engine  exhaust  Infra-red  suppressor 
and  an  Infra-red  janmer.  When  detected  by  hostile  weapons  systems  the  Apache  is  capable  of  taking 
evasive  action  up  to  +3.5  g's  and  -0.5  g's  to  avoid  enemy  fire.  The  aircraft  Is  extremely  crashworthy. 
The  design  ensures  that  the  crew  can  survive  a  vertical  Impact  with  the  ground  at  up  to  42  feet  per 
second  or  approximately  35  mph.  The  rugged  construction  and  Innovative  design  features  that  contribute 
greatly  to  an  expected  low  attrition  rate  also  help  to  assure  that  both  crew  and  helicopter  can  reenter 
combat,  promoting  overall  fleet  survivability  and  life  cycle  cost  savings.  (Figure  4). 
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FIGURE  4 


The  Aircraft  Survivability  Equipment  (ASE)  suite  consists  of  a  passive  radar  warning  receiver,  IR 
Janmer,  chaff  dispensers,  and  a  radar  jammer  and  laser  detector.  The  ASE  enables  the  Apache  to  stand 
and  fight  while  rendering  threat  systems  Ineffective. 

MAINTAINABLE 

The  Apache  was  desi  ned  with  the  capability  to  be  maintained  by  the  front  line  Army  field  mechanic 
at  a  lower  maintenance  hour  per  flight  hour  ratio  than  any  previous  attack  helicopter.  During 
operational  testing,  three  YAH-64s  achieved  less  than  six  hours  of  maintenance  manhours  per  each  flight 
hour  (mmh/fhr),  whlcn  was  significantly  better  than  the  Army  requirement  of  eight-13  mmh/fhr. 

Production  Apaches  are  continuing  to  achieve  six  mmh/fhr.  The  features  that  make  the  Apache  a  highly 
reliable  and  maintainable  helicopter  are:  an  on-board  fault  detectlon/loeation  system  that  continuously 
monitors  critical  components;  build-in  work  platforms;  easy  accessibility  to  all  compartments  and  bays 
for  quick  removal  and  replacement  of  components  and  black  boxes;  use  of  quick  disconnects  for 
electrical,  hydraulic  and  fuel  lines;  engineer  removal  In  30  minutes;  and  a  static  main  rotor  mast  which 
allows  transmission  removal  without  disturbing  the  main  rotor  head  system. 

TRANSPORTABLE 

The  AH-64A  Is  capable  of  rapid  strategic  deployment  worldwide  and  Is  air  transportable  In  C-130,  C- 
141  and  C-5  aircraft.  One  Apache  can  be  carried  In  a  C-130,  two  In  a  C-141  and  six  In  the  C-5A.  Air 
transport  preparation  time  varies  with  the  lift  aircraft  Involved.  For  maximum  transportability  the 
main  rotor  blades,  rotor  mast  and  hub,  tall  rotor,  stabllator,  weapons  platforms  and  30nm  weapon,  may  be 
readily  removed.  Six  Apaches  may  be  prepared  for  C-5A  transport  In  6  hours.  All  the  preparations  for 
air  transport  can  be  accomplished  within  the  Army's  elapsed  time  requirements.  Preparation  for  flight 
is  a  simple  reversal  of  the  process  (Figure  6). 

Note  che  folded  main  rotor  blades,  and  empennage  as  well  as  the  kneeling  landing  gear  can  reduce  the 
preparation  time  required. 
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FIGURE  5 
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SELF-DEPLOYABLE 

Auxiliary  fuel  tanks  provide  self-deployment  for  the  Apache  for  an  800+  nautical  mile  ferry  range  In 
a  20-knot  headwind  with  a  45-mi riute  fuel  reserve  at  maximum  flight  speeds.  Within  a  theater  of 
operation,  the  Apache  Is  easily  deployable  on  Internal  fuel  only.  This  capability  Is  a  fallout  from  the 
demanding  endurance  requirements  of  the  combat  missions. 


CHANGING  REQUIREMENTS  DRIVE  SYSTEM  EVOLUTION 

The  preceding  paragraphs  summarize  how  an  operational  requirement  was  translated  Into  an  advanced  cl 

weapon  system  through  the  application  of  the  most  advanced  technology  available.  In  recent  years, 
significant  changes  have  occurred  In  the  U.S.  Army's  battle  doctrine,  In  the  Soviet  threat  and  In  the 

technologies  available  to  the  NATO  ccrmunlty  to  Implement  new  doctrine  and  counter  new  threats.  I 

NcD-innell  Douglas  Helicopter  Company  completed  an  evaluation  of  these  changes  and  has  compiled  a  list  of 
technology  candidates  for  consideration  by  the  U.S.  Army  for  Incorporation  on  the  AH-64  of  the  future. 

This  study  began  as  an  Investigation  of  all  possible  technologies  that  could  be  potential  candidates 
for  an  advarced  AH-64  Apache.  These  Improvements  were  compiled  from  Industry  and  government  agencies 

and  are  based  on  preliminary  concepts  of  the  perceived  threats  anticipated  through  the  year  2000.  ( 

Additionally,  a  review  of  the  U.S.  Army  RDT&F  Plans  was  conducted  to  assure  synergism  with  other  growth  ’ 

programs  and  technical  developments.  t 

Once  a  preliminary  list  of  potential  configuration  candidates  was  developed  and  screened  by 
HcDoonell  Douglas  Helicopter  Company,  U.S.  Army  representatives  from  the  Apache  Program  Office,  U.S.  >, 

Army  Aviation  Center,  the  Army  technical  conmunlty  and  the  U.S.  Army  Aviation  Systems  Command  assisted 
in  the  selection  of  technologies  that  merited  further  study  and  consideration.  At  this  point  each 
technology  was  evaluated  to  determine  the  approximate  nonrecurring  cost  and  schedule  required  to  qualify 
the  technology  change  on  the  Apache.  This  allowed  McDonnell  Douglas  Helicopter  Company  and  U.S.  Army 
planners  greater  Insight  and  judgement  towards  establishing  an  advanced  configuration  that  defeats  the 

threat  In  the  most  effective  manner  for  the  least  cost.  ‘ 

The  criteria  estaollshed  for  effectiveness  analysis  based  on  the  Army  21  doctrine  Include: 

a.  Extended  battlefield:  strike  deep,  fight  Isolated.  , 
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b.  Se«  deep:  viable  Intelligence,  eoanend  end  control. 

c.  Prepare  to  fight  anywhere  self -deployment  to  any  of  the  world's  hot  spots. 

d.  Mission  Sufficiency:  austere  logistics,  austere  Manpower,  degraded  Modes. 

e.  Decentralized  execution:  new  organization,  flight  Isolated. 

f.  Real  time  acquisition/prioritization  of  targets. 

g.  Unity  of  effort:  viable  coos  and  and  control. 

h.  Quick  execution:  high  nobility,  turn  inside  enemy's  decision  cycle. 

1.  Momentum  of  the  attack:  lethallty/effectlvaness  vs.  ntmbtrs. 

j.  Seize  and  retain  Initiative:  an  offensive  strategy. 

k.  Separate  enemy  forces:  fight  Isolated. 

l.  Force  enemy  to  change  dispositions:  disrupt  enemy  battle  plan  at  critical  time. 

m.  Keep  enemy  off  balance:  offensive  tactics. 

n.  Continuous  operations. 


TECHNOLOGY  UPDATES  RECOMMENDED 

Preliminary  design  level  assessment  conducted  by  McDonnell  Douglas  Helicopter  Company  In  1984  and 
1985,  resulted  In  the  long  11st  of  original  technology  candidates  being  distilled  to  a  meaningful 
recommendation  for  consideration  by  the  U.S.  Army.  While  all  of  the  recommended  candidates  can  be  shown 
to  contribute  measurably  to  the  expanded  effectiveness  criteria  Hsteo  above,  more  detailed 
effectiveness  and  cost  analysis  are  currently  being  conducted  by  the  Army  who  will  recommend  a  plan  for 
future  upgrades  of  the  Apache  configuration.  Technologies  recommended  by  McDonnell  Douglas  Helicopter 
Company  and  under  study  by  the  Army  are  listed  below  with  a  suninary  of  their  major  attributes.  The 
first  priority,  an  advanced  system  architecture  and  crew  station  Is  the  subject  of  a  current  engineering 
activity.  As  such.  It  Is  discussed  In  detail  In  the  final  section  of  this  paper. 

VISIONICS  UPDATE 

Attributes: 

Improved  search,  acquisition  and  targeting  capability. 

Reduced  mean  time  between  failure. 

Recommended  configuration  modification: 

FLIR  Digital  Scan  Converter. 

Automatic  Target  Recognizer. 

Image  Auto  Tracker. 

NBC/ANVIS  Compatible  IHADSS. 

Target  acqulsltlon/crewstatlon  battlefield  display, 

COMPOSITE  WET  WING 

Attributes: 

Increases  emergency  self  deployment  range  to  over  1100  nautical  miles. 

Increases  combat  range  without  using  weapons  stores. 

Reduces  winy  drag. 

Recommenced  configuration  modification: 

Graphite/Epoxy  construction. 

Structural  capability  to  carry  450  gallon  external  fuel  tanks  on  inboard  and  outboard  stores 

stations. 

Include  40  gallon  fuel  cell  Internally  In  each  wing. 


AIR-TO-AIR  DEFENSE 
Attr  Mutts: 

Provides  Air-to-air  firt  and  forgtt  capability. 

TADS.  PNVS,  IHAOSS  and  the  turreted  gun  tnhtnct  *1r  to  air  effectiveness. 
Rtconamded  conflgurttlon  modification: 

Inttgratt  air  to  air  missile  Into  Aoacht  system. 

Modify  arts  weapon  systam  for  air  to  air. 

CHEMICAL/BIOLOGICAL  PROTECTION 
Attributes: 

Provide  craw  compartment  filtration  of  particles  saallar  than  sub  Bicron  site. 
Provide  for  aircrew  warning  of  CB  contaalnatlon. 

Allows  Apache  to  operate  and  fight  In  contaminated  areas. 

Recomatended  configuration  modification: 

Install  filters  and  sensors  In  the  environmental  control  system. 

Provide  source  for  cooling  the  crew  In  protective  clothing. 

ADVANCED  AIRCRAFT  SURVIVABILITY  EQUIPMENT  (ASE)  UPDATE 
Attrlbutes/enhanceaents  over  AH-64A: 

Improved  aircraft  survivability. 

Utilizes  U.S.  Army  ASE  developments. 

Postures  aircraft  for  advanced  technology. 

Incorporates  ASE  reaction  computer  to  reduce  pilot  workload. 

IMPROVED  IR  SUPPRESSOR  (Figure  7) 

Attributes/enhancements  over  AH-04A: 

Self-cooled  IRS  ejection  pumps. 

Reduces  existing  IR  signature  SO  percent. 

Reduces  drag  by  0.9  square  feet  over  existing  design. 

SUttTfltAM  COOUO  IMS  >HF  COOUO  IMS  UICTOM  PUMPS 

SXHAUST  f  JCCTOM  MALL  cooung  AIM 


MM  I  SINT  OISIGN  MMOOSIC  OMIGN 

FIGURE  7  IMPROVED  INFRARED  SUPPRESSOR 


ADVANCED  FLIGHT  CONTROL  SYSTEM 

Attributes/enhancements  ever  AH-64A: 

Reduces  weight  (140  pounds)  and  mechanical  complexity. 

Provides  for  dual  redundant  flight  control  paths. 

Provides  for  auto  pilot  and  auto  hover  capability. 

Reduces  ballistic  vulnerability. 

Inqjroves  handling  qualities. 

Utilizes  technologies  from  existing  qualified  flight  control  systems. 
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Rtcomended  configuration  modification: 

Eliminate  all  mechanical  push-rods  and  boll  cranks  of  the  existing  flight  control  system 
(Figure  8). 


-onxentum 


FIGURE  8  ADVANCED  FLIGHT  CONTROL 
Replace  the  mechanical  mixing  unit  with  an  electronic  nixing  unit. 

Remove  current  cyclic  flight  control?  and  Install  sldestlck  flight  controllers  wltn  electronic 
sensors  and  wiring. 

Replace  existing  flight  control  actuators  with  direct-drive  actuators  (See  Figure  11). 

WIRE  CUTTERS 

Attrfbutes/enhancements  over  AH-64A: 

Increased  margin  of  safety  during  Nap  of  the  Earth  flight  during  night  or  adverse  weather 
conditions. 

Recommended  configuration  modification: 

See  Figure  9 


FIGURE  9  WIRE  CUTlcRS 


i 

* 
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CURRENT  ACTIVITY  AT  NCDONNEU.  DOUGLAS  HELICOPTER 

Will*  the  u.S.  Amy  It  currently  evaluating  the  relative  Importance  of  *11  of  the  technologies 
briefly  described  above,  It  It  recognised  that  the  tret  offering  the  Urgest  ptyoff  In  tenet  of  future 
growth  capability  end  *f  f  actl  vertes* . aniianceaant  It  In  the  tret  of  tvlonlcs,  controls  tnd  displays.  for 
thtt  retton,  tn  Independent  ftesetrt  tnd  Developmnt  project  was  Inltltted  by  McDonnell  Douglas 
Helicopter  Coeptny  in  July  1965  wlt.i  t  long  tern  goal  to  develop  tnd  flight  test  tn  advanced  technology 
tvlonlcs  system  end  crew  stttlons  on  in  Apiehe.  The  objectives  subsequently  etttbllshed  for  this  new 
tvlonlcs  tnd  crewstetlon-  systee  tre: 

RELIABILITY.  Incretse  systm  reliability  by  decretslng  the  LRU  count,  deleting  tny  single  point 
fel lures,  tnd  Implement  Modern  technology  tvlonlcs  tnd  computer  system. 

WORKLOAD.  Decrees*  the  worklotd  In  the  crewstttlons  by  Inpltonntlng  t  nonpaging  tutomted  control 
tnd  dltplty  systtn  developed  tnd  optlitlted  In  tctutl  coabtt  sltuttlnns  In  our  slMulttlon  facilities. 

VULNERABILITY.  Decrease  vulnerability  of  Mission  critical  tvlonlcs  by  redundant  com outing  tnd 
sensing  system,  judicious  placement  of  coMponents  tnd  tMbrtcIng  the  distributed  processing  concepts 
for  tne  tvlonlcs  architecture. 

OPERATIONAL  AND  SUPPORT  COST.  Decreases  In  operational  support  cost  on  the  order  of  SOX  for  the 
tvlonlcs  system.  Cost  of  software  Maintenance  tnd  configuration  control  will  be  drastically  reduced 
by  standardising  stand-alone  and  In  certtln  cases,  embedded  processors  to  MIL-ST0-1750A  Instruction 
Set  Architecture.  ProgrtMMlng  will  he  done  In  compliance  with  the  Department  of  Defense  directive 
for  the  ADA  High  Order  Language.  Additional  decrease  In  operational  and  support  cost  can  be 
realized  through  the  Implementation  of  reliability  Initiatives  such  as  reduction  of  LRU  count, 
expansion  of  the  on  board  fault  Isolation  and  recording  system,  and  implementation  of  the  two  level 
maintenance  concept. 

CAPABILITIES.  Provide  ease  of  growth  to  accommodate  new  requirements  In  the  area  of  weaponlzatlon, 
navigation,  communication  and  target  acquisition. 

DEVELOPMENT  METHODOLOGY 

The  engineering  design  and  development  :nethodology  Implemented  for  this  project  consists  of  four 
distinct  but -interactive  phases  necessary  for  a  top  down  design  approach  In  a  software  sensitive 
environment.  (Figure  10) 


FIGURE  10 


SIMULATION 

The  simulation  phase  develops  and  optimizes  the  basic  man-machine  Interfaces.  A  broad  brush  task 
analysis  and  system  operating  requirements  are  translated  Into  a  baseline  control  and  display 
configuration  in  the  simulator.  Full  mission  scenarios  are  then  run  to  define  overall  system 
requirements,  with  part  task  emphasis  on  high  stress  mission  segments.  The  Iterated  products  of 
these  evaluations  (Including  crewstatlon  configuration,  MFD  foraats/synbology  and  swltcholoay), 
drive  the  design  of  both  the  crewstatlon  and  the  associated  avionics  system  architecture.  The 
resulting  Interdependent  nature  of  the  crewstatlon  equipment  and  avionics  systems  permits  a  high 
degree  of  subsystem  monitoring  and  mlssldii  operations  to  be  automated  with  an  efficient  priority 
interrupt  action  in  the  craw  station.  After  the  Initial  crewstatlon  system  design  Is  defined  and 
passed  on  to  a  'flight  system*  development  activity,  the  simulation  model  Is  refined.  Additionally, 
as  the  flight  system  Is  developed  likJ  refined,  changes  driven  by  "real  world*  Implementation  are 
traded  with  the  existing  Model,  thereby  using  the  simulator's  empirical  output  as  a  key  element 
throughout  the  design  process.  As  the  design  evolves  In  the  next  phases,  the  simulator  assumes  an 
Increasing  role  in  verifying  and  Implementing  the  Army's  tactics  and  doctrine  In  a  continuing 
refinement  of  the  man-machine  Interface. 


FIGURE  U  SIMULATOR 


SOFTWARE  AND  HARDWARE  DEVELOPMENT. 

COITROL  AND  DISPLAY 

Figure  12  Is  a  pictorial  representation  of  the  existing  Apache  A  rear  crewst.uion  (pilot)  where 
control  and  displays  were  Implemented  In  a  relatively  autonomous  fashion. 


FIGURE  12  AH-64A  PILOT  CSWSTATIOH 


The  dramatic  decrease  in  crearetatlon  clutter'  Is  evident  In  Flgjre  13  which  shows  the  advanced  Apache 
crewstatlon.  The  primary  displays  are  two  6  by  6  Inch,  shadow  mas*:,  Yuli  color  Multifunction 
Displays;  and  an  Improved  Helmet  Mounted  Display  System.  A  2  by  6  Inch  electroluminescent  full 
color  graphic  is  used  to  show  status,  caution  warning  and  full  emergency  backup  Instrumentation. 

Control  Is  provided  by  four  Independent  methods:  A  full  alpha  numeric  keyboard  with  a  single 
display  line  for  visual  eaedback,  touch  screens  overlayed  on  the  Multifunction  Displays,  a  cursor 
control,  and  eventually  a  voice  Interactive  syst?*-.. 

Additional  workload  reduction  Is  provided  hy  a  Oita  Transfer  system  which  will  preload  all 
comaunl cation  frequ*ndei,  navigation  and  targrt  waypoints,  and  other  mission  planning  data.  The 
same  system  will  also  record  for  retrieval  1r.fonr.ut Ion  throughout  the  mission  such  as  caution 
warnings,  LRU  failures,  new  target  data,  etc. 


I 
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NISS10H  MNMEX0IT 

The  Control  a^"  Msplty  System  Mill  manege  the  following  functions: 

Cotuunlcatlons 

Navigation 

Weeponltetlon 

Tar  got  Acquisition  anO  Designation 
Electrical  power  management 
Maintenance  diagnostics  and  recording 
Electronic  Warfare 
Flight  Control  System 

All  housekeeping  functions  (l.e  caution  warning,  checklists,  fuel  managnmetit,  etc.) 


AVIONICS  ARCHITECTURE  || 

Two  H1L-STD-1553  tine  division  multiples  busses  are  Implemented  as  shown  In  Figure  14  to  provide  n 

growth  capability  and  high  level  of  redundancy  for  reliability  and  survivability  purposes.  Two  MIL- 
STD-1750A  Mission  Processors  are  used  where  one  serves  as  a  hot  backup  to  the  other.  Weapon 1  ration 

control  and  management  also  resides  In  these  two  MIL-ST0-175OA  Processors.  i 

d 


i 

f 

A 

i 
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A  unique  feature  of  the  architecture  is  the  fact  that  software  and  hardware  partitioning  Is 
■tip  lenient  id  such  that  all  system  level  processing  Is  performed  In  the  Mission  processors  rather  than 
at  the  sensor  level.  This  approach  allows  for  aase  of  technology  insertion  and  growth  to 
accomaodate  new  or  Improved  sensors.  This  approach  also  allows  sensors  to  perform  sensor  level 
processing  only,  thereby  decreasing  sensor  complexity  end  cost.  Another  Important  advantage  Is  that 
all  critical  system  level  software  is  developed  anu  Implemented  at  the  system  integretor  level. 

NcOonrell  Douglas  Helicopter  Company  has  teea-ed  with  other  manufacturers  to  develop  the  following 
hardware; 

Sperry  Flight  Systems:  multifunction  diso’ays,  keyboaids,  HIL-STD-175Q  display  processors,  LCD  up 
i.cnt  displays  ard  various  M11-3TD-1553G  Interface  units. 

Delco:  MIL -STD-1 750  mission  compute, s 

leach  Corporation:  Electrical  Power  Management  System 

Canadian  Marconi  Corp.:  Voice  warning  and  audio  distribution 

Lear  Slegler:  Data  transfer  system  and  ground  station 


HOT  BENCH 

The  Systems  Integration  v  tility  (Hot  Ben :h)  assembles  and  integrates  the  products  o*  the  previous 
phase.  The  equipment  used  in  ‘  -  Hot  Bench  1;  An  evolutionary  system  which  reflects  the  actual 
aircraft  equ'pment  as  it  uocome.  available  (See  Figure  15).  Computers  with  preprogramed  flight 
paths  "ill  emulate  external  navigation  seniors  such  as  inert'a’  reference  systems  and  Doppler 
velocity  radar  to  allow  real  lln.e  operation. 

A  real  time  testing  and  ’cording  system  will  accurately  validate  all  aspects  of  operational  software 
envelope. 

Changes  to  the  system  (hardware  and  software)  are  continuously  fed  back  to  the  simulation  and  software 
development  teams. 


FIGURE  15  HOT  BENCH 


FLIGHT  TEST 

It  is  planned  to  modify  a  production  AH-6RA  Apache  to  recei.e  essentially  a  duplicate  sat  of  Hot 
Bench  va’idated  hardware  for  the  purpose  of  flight  tests  and  demonstrations.  This  aircraft  will 
develop  anu  assess  the  alrvehlcle  Integration  facets  of  the  advanced  crewstatlon  and  avionics. 

After  the  initial  tests  and  demonstrations,  this  aircraft  will  continue  to  receive  technology 
updates  from  a  continuing  McDonnell  Douglas  Helicopter  Company  Independent  research  and  development 
comnltment  for  the  Advanced  Apache. 
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SCHEDULE 

Tit*  Impiamentetlon  schedule  of  the  crewstatlon  and  avionics  development  it  as  follows: 


Simulation: 

Initial  control  and  display  evaluation  .  completed 

Advanced  Apache  CP6  crewstatlon . .  Hid  1947 

Advanced  Apache  Pilot  crewstatlon .  1988 

System  Validation  Facility 

Initial  operation . Sept  1986 

Advanced  crewstatlon  validated  .  1988 

RAD  Prototype  Aircraft 

First  F’lght,  Advanced  Crewstatlon  .  1989 


CONCLUSION 

Detailed  planning  for  the  Apache  of  the  future  Is  wall  under  way  and  engineering  work  on  the  core  of 
the  advanced  Apache  -  the  system  architecture  -  has  begun.  Every  effort  Is  being  made  to  Insure  that 
this  effort  postures  Apache  to  remain  an  effective  weapon  system  well  Into  the  21st  century. 
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SYSTEME  DE  MISSION  SAR 


S.  RIOCHE 


DIRECTION  DES  ETUDES  •  OEPARTEMENT  SYSTEME 
AEROSPATIALE  -  DIVISION  HELICOPTERE 
13726  MARIQNANE  CEDEX  -  FRANCE 


I  PREAMBULE 

La  nombre  crolnant  d«  minlont  da  recharcha  <t  da  sauvetag*  an  m*r  •  conduit  A  raeharchar  un  moyen  da  tecours  rapid*,  efficac*  at 
(iabla. 

L'hAlicoptAra,  comptt  tanu  da  <at  qualitAi  da  vol,  att  dtpuii  longtempt  utilis*  pour  ce  type  d’opAration.  Son  systAm*  da  minion,  lort- 
qu'il  exist*  an  parfois  rudimantaira  at  pat  toujoura  parfaitamant  adapt*. 

La  division  hAlicoptAra  da  I'AArospatiali  a  dAvalopp*,  an  collaboration  avac  dlff*  rants  Aquipementiers  (SFIM  -  BENDIX  -  CROUZET), 
un  systAnie  tpAcialamant  adapt*  A  la  realisation  da  ca  type  dt  minion,  ceci  gr*ca  A  : 

-  un  pi'otag*  at  un  guidage  sntiAramant  automatiqua,  particullAramsnt  lors  das  trejectoires  da  recharcha  (PATTERN)  at  da  la  des¬ 
cents  vara  la  vol  natlonnalre  A  proxlmit*  de  la  clble  repArAe, 

—  un*  planch*  da  bold  Aquip**  da  S  E.F.I.S.  (Electronic  Flight  Instrument  System),  Acrans  cathodiques  pour  I'affichaga  : 
a  das  attitudes  da  I'appareil 

•  das  parumAtres  da  situation  horizontales,  sAlectablas  an  fonction  de  la  phase  du  vci  parmi  4  modes  : 
o  HSI 

o  Secteur  avac  ou  sans  donnAes  RADAR 
o  PATTERN  da  recharcha 
o  Stationnalra  (HOVER) 

a  dos  donnAes  du  radar  da  recharcha  sur  un  Acran  plus  spAclalement  destin*  A  ce.te  fonction. 


i 


LISTE  DES  SYMBOLES 

AFCS  Automatic  Flight  Control  System  (Contrdle  automatiqua  du  vol) 

ALT  Altitude  baromAtrique 

A/S  Air  speed  (Vitesse  Air) 

BATIE  Boitiar  d' Adaptation  at  da  traitamant  das  informations  d'antrAe 

BGS  Boitiar  yAnarateur  da  symboles 

CDV  Couplaur  dlracteur  de  vol 

CR.HT  Cruise  Haight  (Altitude  radio  da  crolsiAra) 

DID  Dlspoaltif  d'insartion  de  donnAes 

EADI  Electronic  Attitude  Display  Indicator  (indicataur  d'attitude  ilectronique) 

EFIS  Electronic  Flight  Instrumar.t  System  (Syst*me  d'lnstrumant  da  vol  Alectroniqua) 

EHSI  Electronic  Horizontal  Situation  Indicator  (Indicataur  de  situation  horizontal  Alectroniqua) 

".UP  Flight-up  (Vol  vers  !e  hautl 

G. SPD  Ground  Speed  (Vitesse  sell 

HDG  Heading  (Cap) 

HOV  HOVER  (Stationnalra) 

H. HT  Hover  Haight  (Hauteur  radio  de  stationnalra) 

!LS  Instrument  Landing  System  (SystAma  d'atterrissage  aux  instruments) 

NAV  Navigation 

PTN  PATTERN  (Circuit  da  recherche) 

RDR  RADAR 

RMI  Radio  Magnetic  Indicator  (Indicataur  do  cap  magnAtiqua) 

SAR  Search  and  Rescue  (Recharcha  at  Sauvetege) 

SCT  Secteur 

T.DWN  Transition  Down  (Transition  vert  la  bai) 

T.UP  Transition  Up  (Transition  vert  le  haut) 

VOR.A  VOR  appioch* 

V/S  Vertical  Speed  (Vitesse  vertical*) 

WPT  WAYPOINT  (Point  tournant) 


.  ,.v. , 


j 
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2  INTRODUCTION 

Op  p».it  dtorira  une  minion  SAR  4  partlr  d'un  schema  reprisentant  le  profit  du  vol. 


Ce  profil  se  decompose  en  hult  (8)  phases  : 


--  phase  A  :  dtcollagen-montie  &  i'altitude  de  croisiire 

-  phase  :  rejointe  de  la  zone  de  recherche 

-  phase  C  :  trajectolres  de  recherche  (Pattern  de  recherche) 

-  phase  D  :  deicenta  vers  le  stationnaire  (Transition  down) 

-  phase  E  :  stationnaire  (HOVER).  Operations  de  treuillage 

-  phase  F  :  montie  vers  I’altitude  de  retour  (Transition  UP) 

-  phase  82  :  croisiAre  retour 

-  phase  G  :  descente  -  approche  -  atterrissage 


Les  phases  A  -  B,  •  Bj  -  G  sont  des  phases  classiques  du  vol.  Les  phases  C  -  D  -  E  -  P  correspondent  aux  phases  de  la  mission  SAR 
proprement  dite. 

phase  C  —  L’hAlicoptAre  est  arrive  sur  la  zone  de  recherche.  Dans  cette  phase  il  devra  couvrir  cette  zone  jusqu’6  localisation  de  son 
objectif. 


phase  D  —  Cette  phase  consists  A  effectuer  une  transition  vers  le  bas  pour  venir  se  planer  en  stationnaire  an  dessus  de  I'objectif. 


phase  E  —  Maintien  du  stationnaire  jusqu’A  la  fin  de  I'operation  de  treuillage. 


phase  F  -  Transition  vers  le  haut  pour  rejoiudre  ('altitude  de  croisiAre  retour. 


3  SYSTEMS  DE  MISSION 

Ce  systAme  a  At*  congu  pour  satisfaire  A  I'ensemble  des  phases  de  la  mission  et  plus  particuliArement  aux  quatre  phases  principales  ci- 
dessus.  C'est  pourquoi  sa  description  porta  principalement  sur  les  possibilitAs  qu’il  offre  pour  leur  execution. 

Bien  que  I'ensemble  soit  psrfaitement  intAgrA.  pour  clarifier  cet  exposA,  le  systAme  de  mission  a  AtA  scindfe  en  trois  parlies : 

—  un  systAme  de  navigation 

—  un  systAme  pilotage  automatique  (AFCS) 

—  un  systems  visualisation  et  radar. 


VISUALISATION  VISUALISATION  VISUALISATION 

COPILOTE_ RADAR  PILOTE 


3.1  La  systAme  de  navigation 

Le  systAme  de  navigation  est  articulA  autour  de  deux  calculateurs.  Un  calculated  principal  qui  assure  la  total itA  de  la  gestion  naviga¬ 
tion  at  un  ricepteur  OMEGA  qui  err  fonctlonnement  normal  a  un  rile  d'Aquipement  pArlphArlque. 

En  cas  de  difaillance  du  calculateur  principal,  le  rAcepteur  OMEGA  retrouve  sa  fcnction  calculated  de  navigation  plus  rAcepteur 
OMEGA  et  assure  automatlquement  la  poursuite  de  la  navigation  en  cours  ou  d'une  route  programmed. 

i 
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Le  calculateur  principal  tlabore  troll  poiitioni  pritantet  Inuat  da  troll  modal  da  navigation  : 

-  navigation  DOPPLER 

-  navigation  VOR/DME 

-  navigation  OMEGA 

Cat  troll  poiitfom  tom  foumiat  an  permananca,  la  choix  du  moda  da  navigation  ait  fait  par  I'dqulpage  an  fonetlon  da  la  phata  da  la 
minion. 

Lonque  ci  choix  nt  effected,  I'tquipage  lilacta  la  typa  dc  route  da  navigation.  Six  poulhllltdi  lul  loot  offartat : 

Nevitatlon  FROM  -  TO 

Navigation  iur  una  route  directa  antra  un  point  FROM  et  un  point  TO. 

NnKptton  Diract  TO 

Ca  type  de  navigation  paut  se  dirouler  talon  daux  procattut : 

a  ana  radiala,  ca  qui  cormpond  4  te  ddrouter  da  ta  petition  pritante  vert  un  but  TO. 

a  «vac  radiate,  caqui  corraapond  4  aa  dirouter  de  ia  potltlon  presents  pour  lolt  rejolndra  un  but  TOou  t  'ilolgnet  dun  but  FROM 
talon  una  radiale  chollie  par  I  'equipage. 

Ralliament  d'un  but  mobila 

A  partir  dei  carectdristiques  du  but  mobile  (vitetse  et  route) .  des  condition!  pr*sentes  du  vnl,  (vitessa  et  vent) ,  le  calculates  d4torml- 
ne  un  but  da  ralllemant  et  effactue  una  navigation  Direct  TO  vert  ca  but. 

Navigation  iur  una  route 

Ce  calculates  a  la  capacit*  de  contarvar  an  m*moire  10  rcutas  de  navigation  pouvant  comprendre  jusqu’d  10  points  tournants  (WAY 
POINTS)  tdlectionnds  parmi  I'entembla  det  points  m*morls*s  dint  la  calculateur. 

L 'ensemble  de  cat  point!  at  de  css  routes  peut  etre  insdrd  dans  lu  calculateur  au  moyen  d’un  dispositif  d'insertion  de  donndes 
D.I.D,  (Data  insertion  device)  ou  manuellement. 

PATTERN  da  recherche 

Parmi  let  phases  importantes  de  la  mission  SAR,  la  phase  recherche  (phase  C)  a  une  place  privit*gi*e,  car  de  m  rdusoite  depend  la  suc- 
cot  da  la  mission. 

Pour  cela,  I'dquipage  dispose  de  trois  circuits  de  rechercha  (Pattern)  : 

-  Pattern  4chelle  (creeping  ladder) 

-  Pattern  carr*  expans*  (expanding  square) 

-  Pattern  secteur  (clover  leaf) 

Miss  an  ttationnaira  (HOVER)  -  PATTERN  APPROACH  TO  HOVER 

Cetts  navigation  a  pour  but  d'amener  rh*llcopt*re  4  una  misa  an  ttationnaira  face  au  vent  (phase  D). 

Le  point  de  ttationnaire  (MARK  POINT)  peut  *tre,  soit  un  but  d*sign*  tur  I 'derm  radar  par  I'intermddiaire  d'un  minimanche  (JOY 
STICK),  soit  un  but  d*fini  au  passage  de  sa  verticals  an  sfixantt  ta  position  sur  le  poste  de  commande  du  calculateur  de  navigation. 

Cette  navigation  s'effectue  an  deux  phases  : 

-  la  premidre  amine  I'hilicoptire  face  au  vent  sur  le  point  da  transition  (TURN  POINT) 

-  la  deuxidme  phata  consists  an  une  transition  vars  le  bas  du  point  de  transition  vers  le  point  MARK  suivant  une  direction  fixe. 

Pendant  la  premldre  phata,  le  calculateur  fournit  un  rouils  command*  (ROLL  STEERING)  au  coupleur  directeur  da  vol,  pendant 
la  deuxidme  phase,  le  calculateur  da  navigation  continue  le  guidaga  lateral  at  calcule  la  distance  au  point  MARK  afln  que  le  cuu 
pleur  directeur  da  vol  (COV)  ajutte  la  ddcdldration  longitudinals. 


3.2  L«  systime  da  pilotage  automatique  (A.F.C.S.) 

Le  systime  do  pilotage  automatiqua  entrant  dans  la  composition  du  system*?  de  mission  SAR  est  un  systime  4  axes,  constitui  : 

-  d'un  pilote  automatiqua  analogiqua  duplex  assurant  la  stabilisation  da  la  machine  autour  ties  axes  roulls-tangttge  at  iBcet 

-  d'un  couplaur  directeur  da  vol  numiriqua  bi-procassaur  assurant  la  realisation  sur  las  axes  tangage-roulis  et  collect'd  des  modes 
tilts  da  croisiire  et  des  modes  nicessairet  h  I'accomplissament  dcs  missions  SAR. 

Modes  do  croisMra 

Les  modes  de  crolsiira  disponiblas  au  niveau  coupleur  directeur  de  vol  sont  las  so 'vants  : 

ALT  capture  at  tenue  d'une  altitude  baromitriqge 

A/S  acquisition  et  tenue  d'une  vitassc  air  affichie 

V/S  capture  et  tenue  d’une  vitasse  verticals  affichie 

HDG  capture  et  tenue  d'un  cap  aifichi 

NAV  en  fonction  de  la  selection  faite  sur  le  poste  de  commande  des  visualisations  : 

•  interception  et  suivi  d’une  radiale  VtiR 

•  interception  at  suivi  d'une  route  issue  du  calculateur  de  navigation  ou  du  rtcepteur  OMEGA 

ILS  capture  et  suivi  d’un  faisceau  l-OC  et  d'un  faisceau  GLIDE 

VOR  A  capture  et  suivi  d'un  faisceau  VOR  en  approcho 

GO-AROUND  mode  d'urgence  correspondent  4  I'ecquisition  d'une  vitesse  air  programmie —75  Kts  et  d’une  vitesse 

ascensionnelle  V/S  igalement  programmie  do  500  ft/mn. 

Modes  SAR 

NAV  suivi  du  Pattern  de  recherche  silccti  au  niveau  du  calculumur  de  navigation 

H.HT  acquisition  et  tenue  en  stationnaire  d'une  altitude  rebioilectrique  prisilectie  antra  40  et  300  ft 

OR.HT  acquisition  et  tenue  d'une  altitude  de  croisiire  radioilectrique  prisilectie  entre  100  et  2500  ft 

HOV  acquisition  et  tenue  d'une  vitesse  doppler  nulla 

G.SPD  acquisition  et  tenue  d'une  vitesse  doppler  Vx  at  Vy 

T.DWN  acquisition  automatique  d'une  altitude  radioilectrique  prisilectie  et  du  stationnaire  doppler 

T.UP  transition  4  partlr  du  stationnaire  vers  uno  altitude  radioilectrique  prisilectie  (CR.HT) 

F.UP  mode  du  sicurlti  dans  les  phases  de  recherche  et  do  stationnaire  qu!  disengage  automatiquement  tous  les  autres 

modes  din  qua  I'appareil  descend  en  dessous  d'une  altitude  radioilectrique  prMler.tie  et  donne  un  ordre  4 
monter  avec  une  vitesse  verticele  programmie  > 

Example  d'utitlaation  du  coupleur 

Phase  recherche  ;  les  modes  suivants  sont  giniralement  utilises : 

-  CR.HT  :  Maintien  de  I'appareil  4  I'altitude  radioilectrique  priselectAe.  Ce  mods  est  assuri  par  I'axe  collectlf. 

-  A/S  :  Maintien  d'une  vitesse  air  sur  le  pattern  de  recharche  Ce  mode  est  assuri  par  I'axe  tangage. 

-  NAV  :  Suivi  de  la  trajectolre  de  recherche  sileetie  dans  ie  caiculateur  de  navigation.  Ce  mode  ast  assuri  par  I’cxe  roulis. 


3 3  La  syttdme  da  vlsualiaatfon  at  radar 
3.3.1  Syit4mede  visualisation 
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C'est  un  systime  dual,  bipllote  compos*  de  deux  demi-systimas  Idantiquas  fonctionnant  da  fapon  indipendante  at  olfrant  une 
possibility  de  r  jconf iguration  en  cat  Oa  panne  dStactSe  sur  I'un  d'eux. 


La  demi-systime  n°  1  est  affects  3  la  plancha  copllota,  le  demi-sytt*me  n°  2  ft  la  plancha  pilota. 

Cheque  deml-systSme  se  compose  da  : 

-  Deux  tubas  cathodiques  coulaur  EFIS  da  type  Shadowmask,  installs  sur  la  plancha  de  bord  at  assurant  las  fonctions  ADI  at 
HSI. 

-  Un  boltier  gSnSrataur  de  symboles  (B.G.S.). 

-  Un  boltier  d'lnterface  (BATIEI. 

-  Un  poste  da  commande  ou  sont  ragrouptos  las  command  as  nScassalras  it  la  miaa  an  oeuvre  du  systtme. 
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Le  poste  da  commande  parmat : 

-  Pour  cheque  dami-systdme 

•  da  sSlactlonnar  le  mode  da  visualisation  sur  t'Scran  El  IS! .  La  visualisation  sur  t'fcran  E  ADI  est  permanents, 
a  da  choisir  la  source  da  navigation  at  da  guidage. 

•  d'affactar  una  source  d'lnformations  4  cheque  aiguille  RMi 
a  da  cttflnlr  la  valaur  da  la  rout*  4  tuivre  (CBS) 

a  d’effactuar  la  test  du  damlsyttime. 

—  Pour  la  systems  visualiaatlon  dans  ton  ansambla 
a  de  difinlr  la  valaur  du  cap  4  tuivre  (HDGi. 

a  da  choisir  l'*chelle  das  distances  du  mods  SECTEUR,  SECTEUR  +•  RADAR,  PATTERN, 
a  da  choisir  la  daml-tyst4me  mattre  pour  la  couplaur. 

a  d'asaurar  la  raconf Iguration  manualla  lorsqu'il  y  a  mauvait  fonctionnament  d’un  dami-tyst4ma. 


s 


p 


V 
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La  visualisation  g4n4r4e  par  I'autre  dami-tyst4ma  ast  alorc  anvoyta  sur  la  groups  d'fcrans  da  calui  en  panne. 
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Description  das  eomimndM 
DCommandM  aepar*m  pilot*  *t  aopilot* 


Cm  commandM  iont  IdantlquM  antra  «IIm.  Elies  comprannent ; 

*)  La  iteetion  du  mod*  d*  visualisation  sur  recran  EHSI 
C*tt*  selection  *>t  realise*  par  appul  mr  run*  dat  hult  touches  fugitives  dont  six  ton)  utilise**. 
Lm  modM  selectable*  sont : 

-  HSI  •  SCT  -  ROR  -  PTH  -  HOV  •  ADI 

La  Election  wt  v*rifl*a  par  eontrtle  visual  sur  I'tcran  correspondent . 


Figuration  HSI 

Catta  figuration  ast  samblabla  an  ca  qui  concarne  sa  presentation  g*n*rale  6  calle  present**  sur  un  HSI  -f-RM  I  conventionnel . 
Ella  comporta  an  plus  las  indications  suivantas  : 

-  distance  balisa  ou  prochain  way-point 

-  vitassa  sol 

-  route  at  cap  select** 

-  source  dr  navigation  pour  la  HSI 

-  sources  d'informations  affcct*ss  aux  aiguilles  RMI. 

Figuration  sactaur  (SCT)  at  radar  (RDR) 

La  figuration  sactaur  represent*  la  carta  da  navigation,  fonctlon  du  mode  da  navigation  choisi,  Jans  la  secteur  avant  de  I'appa- 
rall.  Las  informations  radar  pauvant  *tre  suparposeaa  *  catta  figuration  si  la  touche  RDR  ast  engag6e. 


Figuration  HOVER 

C*  mode  pr*sante  au  pilot*  las  Informations  rScessalras  *  la  transition  vers  la  stationnaire  at  *  la  t*nue  du  atatlonnaire. 

* 

Lm  Informations  pr*sent*M  sont  Im  suivantas  : 

-  cap  magn*tlque  apparail 

-  point  de  stationnaire 

-  vllassc  dopplar  Vx  at  Vy 

-  vltesae  sol 

-  hauteur  radlo-sond*  actualle  at  da  consign* 

-  vent. 


Figuration  PATTERN 

Co  mods  prtxnte  I*  trie*  d'un  dot  aPattern*  de  recherche  m4mct  *  dsns  le  calculateur  de  navigation.  Cette  figuration  par- 
met  : 

—  soit  une  verification  vlsuelle  dee  donntes  entriei  dans  la  calculateur  de  navigation  lore  de  L  preparation  de  la  mission  ou  en 
vol  lors  d'avenuelj changements  des caraettristiques  du  Pattern. 

-  sort  de  suivre  revolution  de  I'appereil  fur  un  Pattern  donna. 


Ce  mode  de  visualisation  permet  egalement  la  presentation  du  Pattern  HOVER  utilise  lots  ua  la  phase  de  vol  Transition  down 
guidee. 


Figuration  ADI 

Cette  figuration  peut  ttre  appeiee  sur  re  -ran  EHSI  lore  d'une  panne  de  I  etran  EADI.  Ella  reste  identique  e  cells  qui  figtiralt  pr*- 
cedemment  sur  I  Serin  EADI. 
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b)  La  selection  da  la  source  da  navigation 

Chaqua  pilota  dispose  d'un  silecteur  lui  parmattant  da  ehoisir  la  aourca  da  navigation  dont  il  souhalte  vlaualisar  las  Informa¬ 
tions. 

Las  sourest  stlectables  sont : 

R.NAV  (Calculator  da  Navigation) 

Catta  stlection  parmat  la  visualisation  das  informations  issuas  du  calculataur,  function  du  typa  da  navigation  choisi  sur  son 
posts  da  commands.  Ces  Informations  sont  visualistas  an  mods  HSI-SECTEUR-PATTERN  ou  HOVER. 

ONS  (OMEGA) 

En  cat  da  pannadu  calculataur  principal.  I'util  ''on  du  r4captaur  OMEGA  as  fait  an  utlllsant  la  position  ONS.  Las  informa¬ 
tions  issuas  da  i'OMEGA  pauvant  <tra  alors  visu„  an  mods  HSI  ou  tactaur. 

VOR/LOC  1  -  VOR/LOC  2 

Visualisation  das  informations  VOR  ou  VOR/DME  an  mods  HSI  ou  aactaur. 

OBS 

En  mode  secteur-t-rad«r  parmat  4  I’alda  du  bouton  «CRS»  I'affichage  d'une  droite  orientte  8  partirda  la  maquetts,  droits 
vlsuallsant  la  routs  future  s4lact4a. 

BCN 

En  mode  sactaur-t- radar,  lorsqua  ca  darniar  att  an  mods  Beacon  parmat  8  I’akla  du  bouton  aCRSs  I'affichage  d'una  droits 
orient4s  8  partir  du  beacon  sSlactS.  Catta  droite  visualise  la  route  pour  rajoindra  la  beacon. 

TST 

Position  du  atlecteur  parmattant  d'lnltiallsar  la  test  du  aous-systtme  visualisation. 

c)  Affectation  das  deux  aiguilles  RMI 

En  mode  HSI  deux  aiguilles  RMI  pauvant  8tra  visualises*  sur  la  plateau  da  route  HSI. 

I  'affectation  da  cas  aiguilles  aux  moyens  da  navigation  correspondent  sa  fait  8  i’alda  da  deux  invtrseurs  8  trois  positions  : 

-  Invaraaur  1  -  aiguille  fine 

VOR  1  -OFF  DF 

-  Invarsaur  2  -  aiguille  double 

VOR  2  -OFF-ADF 

d)  selection  da  la  route  8  suhrte  (CRS) 

Una  commands  par  bouton  rotatlr  sans  but8a  parmat  d'ajustar  la  route  Mlactia  8  la  valeur  choisla.  La  contrite  sa  fait  sur 
l'8cran  ou  un  Index  matiriallsa  catta  routs  devant  l'8challa  das  caps.  En  mode  HSI  at  sect  our,  la  valeur  num4rlque  da  la  route 
silectSe  paut  *tra  lua  dans  la  coin  haut  gauche  da  l'8cran. 

2)  Commandea  communes  aux  plandna  pilots  at  oopilota 

La  rile  das  commandos  communes  art  da  contritar  das  informations  ou  das  fonctlons  qui  na  pauvant  prendre  deux  valeurt  ou 
deux  modes  diff* rents  8  un  Instant  donnt. 

a)  selection  da  l'*chaila  das  distances  NAV 

Catta  commands  parmat  la  stlection  da  I'tchalle  das  distances  an  mode  SCT,  SCT+RDR,  PATTERN.  Sept  teheltes  sont  dis- 
ponlblas  :  2. 5. 10, 20, 40, 80  at  ISO  Nm. 
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b)  Mlaation  da  t>  planch*  IKt  au  COV  ■  Command*  d*  raeonf duration  Hu  iyat*ma 
RtallMe  par  un  eommuteWur  1 4  potitkim,  cette  command*  parmat  : 

-  En  position  N1  ou  N2 

•  d’envoyar  aur  la*  tfim  pilot*  at  copilot*  das  figuration!  Indtpandantai  ilabor*ta  raspoetivamant  par  la  BGS  2  at  I* 
BOS  1. 

•  da  liar  I*  COV  i  I  'EHSI  pilot*  ou  copilot*  Mlon  qua  Ton  ait  aur  N2  ou  N1  . 

-  En  potation  SI 

•  d'anvoyar  aur  I’teran  pilot*,  <on  d'un*  pann*  du  BGS  2  ou  du  8ATIE  2,  la  m*ma  figuration  qua  call*  pr*sent4e  au 
copilot*  *1  short#  par  I*  BGS  1 . 

•  da Har  I* COV  *  l‘ EHSI  1 . 

-  En  poaition  S2 

•  d'anvoyar  tur  I’tcran  copilot*,  lora  d'un*  panna  du  BGS  1  ou  du  BATIE  1,  la  m*mr  figuration  qua  cilia  pr*eem*a  au 
pilot*  tlaborta  par  la  BGS  2. 

•  da  liar  I*  COV  *  I’EHSI  2. 

c)  Command*  d*  aUtction  da  cap  (HDQ) 

Un*  command*  par  bouton  rotatlf  tana  but**  parmat  d'ajustar  I*  cap  *  t*nlr  *  la  valaur  choisie.  La  control*  M  fait  tur  I'lcran 
oil  un  lnd*x  mattrialia*  ca  cap  davant  la  row  daa  cap*.  En  mod*  HS!  at  ttcttur  la  valaur  numlrlqu*  du  cap  adlacti  paut  itre 
lu*  dam  I*  coin  haut  gauch*  da  r*cran. 

3.3.2  Syttlm*  Radar 

La  Systdmv  Radar  anura  l«  fonctiona  mfttto  at  recherche.  II  rdallsa  In  fonctlom  wivantas  ; 

1.  Modal  mMo 

a)  Mod*  WEATHER  -  WX 

Lei  nivaaux  d'intenslt*  dai  pluin  torn  repr4wnt4s  sur  I'lcran  par  das  zones  da  coulaun  suivantes : 

-  v*rt  da  1  mm  *  4  mm/haure 

-  jauna  da  4  mm  *  12  mm/liaur* 

-  rouge  plus  d*  12  mm/haura 

b)  Med*  WEATHER  ALERT  WXA 

M*ma  raprtsamation  qua  pour  la  mode  WX  mail  la  couleur  rouge  cllgnot*. 

Oe  plus,  li  sur  ur.e  distance  da  45  NM  au-del*  de  I'Schelle  s4lect*e,  un*  information  de  niveau  rouge  epparalt,  I'indication 
«TGT  ALT i  cllgnot*  *n  haut  d*  I'tcran. 

2.  Mod**  recherche 

a)  Mod*  SEARCH  1  -  SRCH 1 

Mode  recherche  utllis*  au-dessus  de  la  mer  pour  das  tchelles  inflriaures  ou  6galas  *  10  NM. 
b|  Mod*  SEARCH  2  -  SRCH  2 

Mode  identlqu*  au  pr*c*dent  mail  II  n*  possMs  pas  la  fonction  «SE  A  CLUTTER  REJECTIONS. 

c)  Mod*  SEARCH  3  -  SRCH  3 

Moda  da  racharcha  (maplng)  utillsable  avec  toutes  its  Ichelles. 

3.  Mode*  second*  Iro 

En  plus  das  modes  prlmairtt  cl-dttsut,  It  soui  iyttem*  radar  parmat  las  modas  sacondairts  ci-sprit  : 

a)  LOG 

Prleantatlon  sur  I'lcran  radar  da  la  list*  das  way-points  at  da  laur  coordonn*es  Issue',  du  tyit*ma  da  navigation  s*ltct*  sur  la 
bolt*  da  command*  EFIS  copilot*  (solt  R.NAV,  soit  ONS  at  appartenant  *  la  route  en  court). 

b)  CHECK  LIST 

Prtsantatlon  sur  l'*eran  radar  da  la  chaclt  list  pr*  at  post  flight. 

c) NAV 

Visualisation  sur  I'tcran  radar  da  la  navigation  choislt  par  It  copilot*  sur  sa  bolts  de  commend*  EFIS  (R.NAV,  ONS,  VOR/ 
LOG  1,  VOR/LOC  2).  Cattt  Information  NAV  paut  itr*  ou  non  aurlmpost*  aux  modai  primairas. 
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4)  MACON  ■  KM 

-  Visualisation  dm  2  Impulsions  BEACON  *t  du  cod*  d*  I*  belie*  si  celul-ci  •  it*  siiact*. 

-  Poaslbillt*  d'utllts*r  k\  function  BEACON/TRACK  comm*  tur  let  EHSI  pilot*  *t  copilot*. 

L*  rood*  BCN  peut  Atra  eurimpoai  *ux  modm  prlm*lr*t  ou  utilise  Nul. 

•I  JOY  STICK 

C*tt*  function  p*rm*t  I*  dStignatlon  d'un  point  d*  I'ieran  radar  k  l'*ld*  d’un  curator  qu*  I'on  p*ut  d4pl*c*r  tnXitYi  I'ai 
d*d‘un  JOY  STICK. 

C* point  dSsig  n*  nt  envoy*  tur  In icrani  EFIS  (mod*  SECTEUR-PATTERN-HOVERi  *t  *u  calcultteur  d*  navigation. 


part  leu  larlt*  du  tous-tystSma  visual  laetlon+rader 

L'ansembl*  du  sous-systAm*  visual  isation+radar  *tt  congu  pour  parmettra  la  vltualitatlon  d*t  infonnationt  ■ 

-  NAV  ou  NAV-t-RADAR  cAt*  pilot*  *t  copilot*  tur  I’tcrtn  EHSI. 

-  RADAR  ou  R4DAR+NAV  tur  I'Scran  radar  install*  dans  la  partia  central*  d*  la  planch*  d*  bord  cAt*  copilot*. 

Caci  Impllqu*  la  postibllit*  d’avoir  d«ux  Schallm  dn  dlttancn.  Una  tchalla  dn  distances  carta  d*  navigation,  une  Schells  dm 
distances  radar. 

Catte  capacity  *tt  obtenua  par  utilisation  da  deux  inttrfacm  radar  (RIU1  -  RIU2).  L’una  fonctlonn*  avac  I'Schelle  radar  se¬ 
lect**  sur  la  bolt*  da  command*  radar,  I'autrt  avac  r  Schell  a  sSlectS*  sur  la  bolts  da  command*  EFIS. 

Cm  d*ux  inttrfacm  travaillant  alors  salon  d*ux  modm  : 

-  En  mod*  normal 

S'll  y  a  compatlblllt*  antra  Im  ScheMas,  I'un*  dm  interfaces  command*  I'anaambl*  Smattaur/rScsptaur  at  antenna  at  las 
d*ux  inttrfacm  axploitant  I*  mSm*  signal  vidSo  isau  da  l'*m*tteur/r*cept*ur. 

-  En  mod*  saltmnat*  Scans 

S’ll  y  a  conflit  antra  Im  daux  Schallas  ,  Im  deux  interf acts  a*  partagont  par  moitiS  I*  tamps  d*  balayag*  d*  I'antann*  : 

-  rotation  d*  gauche  k  droit*  da  I'antann*  pour  r*ch*lla  1, 

-  rotation  d*  droite  4  gauche  pour  I'Schtllt  2. 

Dans  ce  fonctiomwment  chtqu*  interface  exploit*  I*  signal  vidto  issu  d*  l'Smattaur-rSc*pt*ur  lorsqu'il  correspond  S  sa 
propre  Schell*. 

L*  passage  d*  I'un  k  I'autrt  dm  daux  modes  cl-dessus  mt  automatique  salon  la  silectlon  dm  Schellm. 
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SUMMARY 

The  Royal  Mavy  and  Marina  Milltare  Italian*  tasked  RHI  to  develop  a  new  ahlpborna 
helicopter , 

The  two  Navies  defined  a  common  set  of  requirements  related  to  the  basic  common 
helicopter  plus  a  dedicated  different  set  for  each  specific  mission. 

Concurrently  EHI  made  en  autonomous  research  on  the  potential  EH  101  Civil  end 
Utility  Market,  Through  those  analysis  KHt  came  to  the  conclusion  that  a  common 
basic  halo  could  aaclafy  all  the  aaelgeaated  requirements  even  If  the  basic  roles 
verm  sometimes  very  different.  Following  la  the  exposition  of  the  rationale  end  the 
treda  off  approach  which  waa  successfully  devised  and  implamantad  to  tha  aim  of 
producing  a  multivarlmnt  A/C  with  tha  beat  compromise  of  a  performance  and  cost. 


REQUIREMENTS'  ANALYSIS 

In  order  to  amalgamate  tha  differing  and  competitive  requirements  for  naval,  civil 
end  utility  applications  e  comparative  requirements  analysis  waa  carried  out. 

Tab,  1  gives  a  synthetic  view  of  the  more  demanding  requirements  for  tha  three 
basical  roles  I  Naval,  Civil  transport.  Utility. 


TABLE  l 

EH  '01  INTEGRATED  PROJECT  OPERATIONAL  REQUIREMENTS  FOR  NAVAL 
Tr7n  -~MMTT,  CIVtL~AS0  UTILITY  APPLICATIONS 


PERFORMANCE 

NAVAL 

CIVIL 

UTILITY 

Payload 

-3000  Kg  Internal 
cargo 

-4500  Kg  txcernal 
cargo 

-20  paopla  as 
secondary  rola 

-30  passengers 
*3000  Kg  Internal 
cargo 

-up  20  ♦  35  troops 
-4500  Kg  lntarnai 
cargo 

-4500  Kg  axtarnal 
cargo 

Rmnge/Eudurance 

4  HRS  on  station 

Holts  ASW/A3V 
(Duncking  sonur 
aonobuoy) 

500  Na 

(230  Nm  radius) 
Feeaenger  trensp. 

250  N» 

Mlxad  tramp. 

Maximum  speed 

160  Kta 

150  Kte 

150  Kta 

Crulaa  speed 

140  Kta 

(S.L.  TSA  +  20*C) 

150  Kta 

(3000  ft  ISA+20*C) 

150  Kta 
(6000  f t+15*C) 

Hovering  0.G.E, 

SI  ISA  +  20*C  and 
thrust  margin  5 X 

-  St  ISA  +  30*C 
at  max  AUW 

-  6000  ft  ISA+20*C 
at  95X  max  AUH 

5000  ft  IiiA+20* C 
at  max  A'JU 

OEI  performance 

Fltyawsy  max  100  ft 

SL  isa+20°C  at  AUW 

1000  ft  runway 

Cat,  A  rejected 
take  off 

Coaplata 

Mission  OEI 
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Max.  AUW 

13000  Kg 

11290  Kg 

14290  Rg 

Agility 

High 

Noraal 

Noraal 

W.ath.r  cond. 
Temperature 

Icing 

Wind 

All  weather 
-  40*C  +  50*C 

Heavy 

Taka  off  and  landing 
at  30  Rea  ahead 

35  Kta  lateral 

20  Kta  behind 

All  vaathar 
-  *0*C  +  30*C 

Heavy 

NO  apaclf . raquir. 
except  atd 

FAA  part  29 

All  weather 
-  *0*C  +  50*C 
Moderate 

NO  apaclf . raqulr. 

Bl.d.  folding 

Tee 

No 

Yos 

|  Tall  folding 

Tee 

No 

No 

Landing  eyataa 
abla  to 

+  3*  pitch 
+  $•  roll 

No  specif,  rtquir. 

No  specif .requir. 

Landing  *aar 

High  energy 

Normal 

Crashworthy 

;  Flotation 

Sufficient  to  allow 

passenger  to  escape 

Uallcopt.r  in 
flilht  refueling 

(h:f») 

Yea 

No 

No 

Crashworthy  fuel 

system 

Yaa 

No 

?a& 

Control 

Single  pilot 

Single  pilot  IFR 

Dual  pilot 

Cockpit  panel 

Advancad  Co  reduce 
pilot  work  load 

Tactical  praaanta- 
tion  to  pilot(a) 

Advanced  to  reduce 
pilot  work  load 

Advanced  to 
reduce  pilot  work 
load. 

AFCS 

Abla  to  incorporate 
apecial  ASW/ASV  aodal 
Miaalon  aurvivability 
aftar  flrat  failure 

Noraal 

IFR  tingle  pilot 

Normal 

Naviiatlon 

Autonomous  integrated 
high  precision 

Based  upon  ground 
support 

Autonomous  and 
based  upon  ground 
support 

Avionic  ayataa 

System  monitoring 
and  au toconf lgura t ion 
capability 

Mission  sensor 
integral ion/coor dine- 
t  ion. 

System  monitoring 
end  eutoconf igu- 
ratlon  capability 

System  monitoring 
end  autoconf igu- 
rstion  capability 

Cost  :  For  ell  variants  to  maximise  commons 

lity  in  order  to  lower 

non  recurring  und 

unit  production  coot* 

Design  priority  Maximise 

Maximise 

Maximise 

Availability 
end  illusion 

Safety 

Availability 

reliability 

From  the  above  table  it  ia  possible  to  highlight  how  different  are  the  three  sets  or 
requirements  and  how  each  of  them  could  lead  to  a  complete  different  helicopter 
configuration. 

Some  example*  will  emphasise  this  statement. 

In  th«  naval  role  the  payload  has  almost  the  sane  weight  of  the  civil  an«l  utility 
ones*  but  the  dimensions  of  the  naval  equipment  are  completely  different  from  the 
passenger  transport  payload.  Furthermore  the  need  for  s  naval  A/C  to  deploy  a 
dipping  *oner  requires  a  greet  deal  of  mission  time  spent  in  hovor  condition.  These 
requirement a  lead  toward  a  cabin  slsa  narrower  and  long*  while  in  a  civil  passenger 
transport  role  or  in  the  mixed  cargo-pi*eenger  transport  a  wider  body  fuselage  is 
necessary*  Figs  1*  2  shows  the  design  process  end  the  result  is  s  solution  that  was 
driven  by  the  civil/utility  variant.  But  this  solution  would  have  direct 


i 

; 

i 


A 


4 


>1 

\ 


» 

1 


1 


IfattMVfWr  . 


25-3 


disadvantages  upon  the  naval  variant  In  tarn  of  weight,  avau  If  a  graatar 
flexibility  la  injected  Into  tha  naval  appllcatlona  (aaa  fig*  3). 

In  a  similar  way  tha  requirement  for  agility  It  la  mostly  demanded  by  tha  naval 
variant  in  ordar  to  copa  with  tha  naad  to  land  In  a  confinad  spaca  on  ship,  with 
strong  guety  winds  and  a  rough  aaa  whlla  for  tha  Civil  and  Utility  this  la  not 
raqulrad.  Tha  conclusion  is  that  for  an  artlculatad  elastomeric  conflgurad  main 
rotor  hub  in  a  naval  application  tha  hlnga  offset  would  bo  graatar  whlla  for  tha 
other  variants  2.51  would  ba  Bora  than  adaquata  (aaa  fig*  4). 

Tha  choica  for  EH  101  was  drlvan  by  tha  naval  application  and  hanca  a  5Z  main  rotor 
offsat  was  salactad.  Thla  choica  of  courn  has  posed  soma  penalties  In  tarns  of 
valght  on  tha  Civll/Utlllty  variants  (wider  rotor  head  heavier  configuration). 

Tha  same  type  of  conalderat ions  ware  used  for  all  the  aajor  r equlrements  listed  in 
table  l  and  tha  majority  of  tha  helicopter  features  ware  designed  In  ordar  to  fulfil 
tha  requirements'  envelope  with  consequences  on  weight* 

Another  aspect  of  tha  problem  was  the  different  design  priorities  assigned  to  the  3 
basic  helicopter  variants. 

Again  In  attempting  to  reconcile  all  the  differing  alas  such  as  mission  safety, 
reliability,  helicopter  availability,  ate.  EH1  was  obliged  to  envelop  them  in  a  sole 
set  of  requirements  with  direct  consequences  on  the  systea  design  :  obtaining  a 
triple  angina  installation  together  with  3  hydraulic  pumps,  3  electrical  generators, 
e  t  c  • 

The  design  choices  ware  amalgamated  in  a  such  way  as  to  minimise  the  weight  impact, 
but  nevertheless  a  weight  penalty  was  recognised  as  unavoidable. 

In  such  a  situation  tha  weight  issue  becomes  the  major  design  concern  and  the 
designers  in  order  to  achieve  the  optimum  design  were  obliged  to  introduce  as  many 
new  technologies  features  as  possible  (  see  fig.  5). 

This  process  produced  a  good  helicopter  with  a  wider  range  of  application  (naval, 
civil,  utility)  and  an  all-up-weight  (AUW)  well  within  the  trend  of  the  existing  . 
in  development  helicopters  (see  fig.  6). 

The  result  of  this  activity  will  be  better  exemplified  in  the  next  chapters  but  It 
is  possible  summarize  it  in  the  following  :  the  new  technology  approach  was 
successfully  applied  through  : 

-  Wide  use  of  composites  (main  and  tall  rotor  heads  and  blades,  tall  unit, 
superstructure)  (  see  fig.  8) 

Split  load  path  technique  also  in  main  and  tail  rotor  head. 

Wide  utilization  of  on-board  computing  for  aircraft  management,  data  processing 
and  cockpit  presentation. 

Health  and  Usage  Monitoring,  through  the  aircraft  management  computer,  for 
transmission  dynamic  systam,  structures  and  systems. 

Integrated  av.onic  architecture 
All  CRT  cockpit  displays 


2  *  REQUIREMENT5  VS.  DESIGN  FEATURES 

The  preceding  chapter  illustrated  the  general  requirements  for  the  three  basic 
variants  of  tha  EH  101. 

In  order  to  define  a  configuration  these  are  translated  into  detail  daslg.. 
requirements  at  subsystem  level.  The  process  of  the  actual  definition  le  act*  .lly 
vary  complex  and  requires  both  quantitative  and  qualitative  analysis.  Design 
requirements  as  a  general  rule  are  conflicting  with  one  another,  and  this  is  mors  so 
when  3  basically  different  missions  are  to  be  fulfilled  by  one  aircraft. 

Tha  optimisation  process  is  first  performed  at  high  level  where  basic  design 
philosophies  are  stated.  These  are  then  translated  into  preliminary  design.  At  .his 
stage  quantitative  optimisation  is  possible  and  directs  the  iteration  process  until 
the  best  compromise  in  line  with  the  design  gosls  is  reached. 

A  top  down  design  approach  indicates  as  basic  goals  tor  the  EH  101: 

^  -  Safety,  for  the  civil  missions. 

-  Mission  reliability,  for  the  naval/military. 

-  Extended  performance  and  operational  envelope  for  all  roles. 

-  Improved  life  cycle  cost  for  all  roles. 

These  together  with  basic  aeronautical  design  philosophies  (foremost  is  eight 
minimization)  and  a  Production  and  Market  oriented  approach  have  driven  Development 
effort  along  the  following  guidelines: 

-  Maximum  commonality 

-  Modular  design  with  interchangeability  features  where  commonality  la  not  cost 
affective . 

-  Extensive  use  of  new  technologies,  in  materials,  avionics,  aerodynamics  an<. 
design . 

-  Redundancy  in  atructural  and  system  design. 
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-  On  board  computerised  A/C  Management  Syetem. 

Health  and  Uaaga  monitoring  of  Dynamic  components  structure  and  syetems 

-  R  &  M  oriented  design. 

-  Maturity  programme  in  advance  of  the  entry  Into  service  of  the  production 
helicopters . 

The  following  paragraphs  show  hov  operational  requirements  vers  translated  Into 
design  requlrementa  and  then  Into  subsystem  configuration. 

The  result  at  system  level  Is  discussed  in  the  conclusions. 

The  Bii  101  configuration  appears  to  be  a  step  improvement  In  safety  and  performance 
with  a  competitive  empty  welght/AUV  ratio  (see  fig.  6). 

The  costs  also  (fig.  7),  In  terms  of  manufacturing  hours*  shows  a  satisfactory 
allocation*  taking  In  configuration  the  relatively  severe  requirements  to  be  met. 


2.1.  MAIN  ROTOR 

2.1.1.  DESIGN  REQUIREMENTS 


DRIVING  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURES 


Max  AUV  : 

14290  Kg  (Civil) 

130C0  Kg  plus  growth  (Naval) 

Power  folding 


Hind  on  Ground  : 

65  KTS  parked 

60  KTS  during  folding  and  reeving  up 
end  down 

Foldability  of  A/C  M/R  and  Tall  Unit 
within  52  x  18  x  17  ft  box 

Maneuverability  in  flight  and  during 
take  off  end  landing  on  ships  with 
gusty  winds  50  KTS  up  ahead,  35  KTS  * 
latera.1  20  KTS  behind 

Low  vibration  levels 

in  cockpit  and  cabin  at  Cruise  speed 

(.05  g  in  the  cockpit) 

Operation  in  full  Icing  conditions 
at  cruise  speed  -  10  KTS*  10000  ft* 

-  30*C 

Maintainability  (reduved  MMH/FH) 


Safety 

-  Fall  safe  and  damage  tolerant 
features 


-  Resistance  to  lightning  strike 
Height 


M/R  blades  aud  hub  slslng 


-  Tension  link  with  blade  fold 
system 


-  High  stiffness  design  of  M/R  hub, 
tension  link  and  blades 


-  Folding  hinges  at  a  high  radial 
station 

-  Flap  hinge  offset  at  5Z  R 


-  Low  hinge  offset 

-  5  blades  (0.1  g) 

-  Head  absorber  option 

Deiced  blades  through  electrical 

heater  mats 


-  Elastomeric  bearings 

-  Reduced  number  of  parts 

-  Electrical  blade  folding  system 
instead  of  hydraulic. 


-  Dual  load  path  for  flap  and  lead/lag 
loads  (composite  hub/support  cone) 

-  Multiple  loop  windings  for  centri¬ 
fugal  loads  (2  +  2  at  each  bearing) 

-  Use  of  composite  materials  (low 
crack  propagation) 

-  Low  stress  in  composite  hub  :  sized 
by  stiffness 

Bonding 

Maximization  of  composite  Materials 

(carbon  fibre  and  glass).  Aluminum 

alloys.  Titanium  alloys 
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Hover  power 
Max  flight  speed 


Max  flight  spied  power 

Minimum  External  Noise 

Quick  rotor  braking  at  high  wind 
speeds  and  without  shutting  off  anginas 


Minimum  miss  of  M/R  bladas  (chord  and 
radius)  compatible  with  performance 
(third  generation  distributed  airfoils* 
Berp  Tip) 

Minimum  disc  loading  at  Naval  weight: 
(max,  rotor  diameter)*  minimum  chord 

-  Retreating  blade  stall  :  large 
blade  area  (chord*  radius)  or  high 
maximum  lift  airfoils  and  BERP  tip 
which  delays  entry  Into  stall 
boundaries. 

-  Advancing  blade  max  divergence  : 

Thin  airfoils 

High  divergence  mach  number  air¬ 
foils  -  Swept  (BERP)  tip. 

-  Low  blade  area*  low  Cd  air¬ 
foils*  Low  drag  hub  (Thin  cross 
section,  low  radius,  fairings) 

Low  Tip  speed,  5  blades 

Lead  lag  Statlc/dynamlc  stops 


2.1.2.  Design  Solution 

The  requirements  are  highly  conflicting  with  one  another.  The  best  solution  can  be 
obtained  only  by  a  quantitative  optimisation  exercise. 

The  resulting  configuration  la  shown  in  figs.  9,10. 

Its  main  features  are  : 

5  blades  18.6  m.  diameter,  0.68  m  chord,  204  m/a  tip  speed,  distributed  RAE 
third  generation  airfoils,  BERP  tip. 

-  5  elastomeric  spherical  bearings  for  centrifugal  loads,  plus  5  spherical 
centering  elastomeric  bearings  for  shear  loads. 

Conventional  dampers  for  initial  A/C  release.  Elastomeric  dampers  are  in 
development  for  later  releases. 

-  All  composite  blade 

-  Mixed  composlte/metalllc  hub 

-  Compoalte  28Z  In  weight 
Titanium  19%  in  weight 
Steel  38%  In  weight 
Al/Alloy  I5Z  In  weight 

-  De-Iced  bladee 

Faired  hub  and  tension  links 

-  Two  options  are  offered  for  the  hub  (The  first  Is  standard  for  naval 
applications)  . 

-  Power  folded  blades 

-  H;n  folding  blades 

The  weights  are  : 

-  Folding  rotor  :  1470  Kg 

-  Non  folding  rotor  :  1290  Kg 

Fig.  11  above  that  the  chosen  rotor  solution  la  on  the  general  weight  trend*  while 
offering  significantly  higher  performance  and  flexibility.  At  the  specif icat Ion 
naval  weights  (13000  Kg)  It  is  slightly  above  the  trend,  but  If  weight  growth  is 
taken  into  account  up  to  the  civil  A.U.V.  (14290  Kg)  che  EH  101  M/R  la  about  80  Kg 
below  the  line. 
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If  a  non  common  non  foldable  configuration  la  choaan  a  significant  improvement  la 
obtained  and  the  RH  101  configuration  la  260  Kg  below  the  trac'd  line  . 

It  la  to  be  noted  that  for  thla  particular  laaue  the  weight  penalty  of  folding  la 
algnlflcant  thua  commonality  vaa  not  pursu'd. 

Fig.  12  auggeata  similar  comments  In  terms  of  manufacturing  hours. 


2.2.  DRIVE  SYSTEM  AND  POWERPLANT 


2.2.1.  Design  Requirements 


DRIVING  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURE 


Total  gear  reduction  97.*  s  1 

13000  Kg  for  Naval  A/C 

14290  Kg  for  Civil  A/C 

Hover  at  35  Kta  lateral  wind  with  152 
pedal  margin  at  13000  Kg  (naval  AUW) 

Low  specific  fuel  consumption 


Quick  rotor  braking  : 

15  sees  from  80%  RPM  with  engine  in  G.I, 

Accessory  drive  on  ground  through  one 
engine 


Maintainability 


Resistance  to  corrosiv-2  environment 
(seu  operation) 

Low  weight / complexity 


OEI  PERFORMANCE  : 

-  Safe  flyaway  after  engine  failure 
at  13000  Kg,  100  ft  abovr  ground. 

SL  ISA  +  20*C ,  still  air 

-  AUW  not  limited  by  O.E.l,  performance 
for  Civil  operations. 


-  Improvement  in  Lubrication  system 


-  Oil  loss  capability  30  minutes  at 
120  Kta  plua  2  Min  at  take  off  power 


4  etegee  MGB 

4640  HP  T.O.  rating 

5100  HP  T.O.  rating 

1170  HP  Max  power  for  T/R  drive 


Engine  operating  at  high  power, 
thus  having  a  low  powar  margin 
above  hover  power, 

-  High  performance  rotor  brake 

-  2  Actuated  freewheels 

Actuatad  freewheel  on  one  engine 
awltchable  from  main  rotor  mode 
to  accessory  power  mode. 

Accessibility  to  transmission 
refills'  levels,  pumps,  filters, 
sensors.  Ease  of  transmission 
assembly  installation  and  removal. 
Accessibility  and  ease  of  removal  of 
accessories  (generators,  hydraulic 
pumps)  . 

No  Magnesium  Alloys. 


Twin  engined  solution 


High  ratio  of  total  coutlngency 
power  O.E.l.  relative  to  T.O.  power. 
Ideally  the  ratio  should  be  unity. 

This  is  obtained  through  high  engine 
power  margins  above  hover  power  and/ 
or  a  multi  engined  (3)  ^onf iguration 
(allowing  a  lover  power  margin  for  each 
engine) 

-  Separation  of  AGB  and  MGB.  Oil  loss 
in  one  does  not  affect  safe  opera¬ 
tion. 

-  Lubrication  system  completely 
duplicated  in  Main  Gearbox  s 

two  aumpa,  two  pumps,  two  circuits, 
two  oil  jets  at  each  lubrication 
point . 

-  Saparation  of  AGB  and  MGB.  Oil 
loss  in  one  does  not  affect  safe 
operation . 


Dual  lubrication  system  in  MGB 
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-  Special  configuration!  and  natorlala 
for  bearings. 

-  Built  In  oil  pockata  inalda  tha 

caalng 

-  Early  warning  and  dlagnoatic  of  Health  Monitoring  System  t 

failures  -  oil  pressure  and  taaparatura 

aanaora 

-  Bearing  taaparatura  aanaora 

-  "Intelligent  chip  detactora" 
(Quantitative  Debris  Monitoring). 

-  Vibration  Monitoring 

-  Mlnlalsatlon  of  daaags  due  to  angina 
high  ansrgy  rotora  bursts 

Bnglns  Separation 

-  Reduction  o!  vulnerability  to  bullet 
hits 


2.2.2,  Desltn  Solution 

The  resulting  drive  systea  arrangeaent  la  shown  In  fig.  13,14,15.  Relevant 
characteristics  of  the  drive  ayatea/tranaalsalon  powerplant  la  I 

-  3  T700  Engines  :  T700/401A  for  the  Basic  Naval  Variant  (1680  Hp  each),  3  CT7.6A 
for  the  Civil  Variant  (2020  HP  each)  and  for  the  Growth  Maval  Variants. 

-  Transalsslon  designed  for  4640  HP  and  aatured  to  5100  HP  rating  during  Developaent 

-  Dual  lubrication  system 

-  Isolated  accessory  gearbox  driving  one  90  KVA  and  one  10  KVA  generator,  plus 
2  hydraulic  puapa. 

-  Main  gearbox  driving  one  40  KVA  generator  plus  one  hydraulic  pump. 

-  3  Micron  fine  oil  filtration  to  reduce  gear  and  bearing  wear 

-  Health  Monitoring  system  (see  fig.  16) 

The  resulting  weight  Is  shown  In  fig.  17,  while  manufacturing  hours  comparison  la 
Illustrated  In  fig.  18. 


2.3  TAIL  ROTOR 


2.3.1,  Design  Requirements 


DRIVING  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURES 


4640  HP  /  5100  HP  T.O.  rating 

Hover  with 
50  KTS  head  wind 
35  KTS  lateral  wlnu 

with  151  pedal  margin  at  Naval  weights 

Fin  blockage 

Haight 

Anticlockwise  M/R  rotation 

Clearance  from  ground 
Low  external  noise 


Hover  thrust:  1500  Kg  Min. 


High  pitch  angles  and  high  thrust 
capability 


High  rotor  diameter  or  small  fin 

Small  tall  rotor  dlamstar  and  chord, 
and/or  high  lift  coefficient  airfoils. 
High  tip  apaad. 

Clockwise  (lucking  from  left  of  the 
A/C)  T/R  rotation  so  as  to  counte¬ 
ract  M/R  vortlelty  in  lateral  flight. 

High  Tail  Rotor  configuration 

Low  tip  spaed 
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Perking  on  dock  with  65  Kta 
unrestrained 

Simplicity  /  Maintains! tllty 


Operation  In  lea  condltlona 
Safety 


Ho  flap/lag  hlngaa 

Baarlr.glaaa  configuration. 

Where  hlngaa  ere  required,  uae  of 
elastomeric  bearlnga. 

Anti-icer,  bladea 

Damage  tol’tancta  :  maximum  uae  of 
composltea 


2.3.2.  Deelgn  Solution 

Fig.  19  ehown  the  eelectad  T/R  configuration,  whoee  aaln  featurea  are  : 

-  4a  diameter 

-  0.305  chord 

-  198  a/a  tip  apeed 

Clockwise  rotation 

Soft  in  plane  all  composite  hub.  Feathering  is  enabled  through  two  elastomeric 
bearings  per  blade. 

All  composite  blade  with  integral  pitch  horn. 

Weight  la  shown  In  fig.  20 

The  particularly  clean  and  simple  deelgn  gives  a  satisfactory  coat  comparison  ta 
Indicated  in  fig.  21. 


2.4  AIRFRAME  AND  TAIL  UNIT 


DRIVING  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURES 


-  Loading  capability  for  : 

30  passengers 

4500  Kg  of  cargo 

3000  Kg  of  mission  equipment 


-  Capaolllty  to  carry  n  small  vehicle 
inside  che  cabin 

-  Crashworthy  airframe  type 


-  High  ground  ship  deck  mobility 


-  Inherent  longitudinal  stability 
to  cope  with  the  tell  rotor  loss 

-  Structural  redundancies  in  the  mein 
f  reus. 

-  Heavy  icing  condition 


_  Easy  loading  of  cargo  end  paasengers 


-  Almost  trapezoidal  cabin  eaction 
able  co  load  4  passengers  for  run 

-  Standard  floor  rails  for  quick 
change  of  payload. 

-  Rear  ramp 

Metallic  type  construction  with 
high  deformation  frames.  Landing 
gear  provided  with  plasticizing 
Interchangeable  units. 

-  Wheeled,  tricycle  forward  landing 
gear 

-  Vertical  fin 

-  Fall  eafe/demage  tolerant  design, 
large  use  of  composites  materials. 

-  Antl-lced  horizontal  stabilizer, 
engine  Intakes  and  windscreen 

-  Wide  (2  m)  starboard  door.  For  cargo 

Airsteir  port  door  for  passengers  end 

crew . 

Rear  ramp  door  for  email  vehicles  end 

large  cargos. 


2.4,1,  Airframe  Design  Solution 

In  order  to  coaply  with  ell  the  above  requiramerte  the  choice  was  to  design  a 
modular  airframe  because  the  requirements  were  too  different  to  each  other  and  the 
weight  penalty  aasociated  unacceptable  fot  s  single  airframe. 

The  tour  modules  ere  :  (see  fig.  22)  forward  fuselage,  cabin,  rear  fuselage  and  tail 
unit , 


25-9 


The  forward  fuaalaga  aodula  la  built  In  two  dlffarant  technologleet  tha  lowar  aide 
la  traditional  ae'il  conatructlon  with  fraaaa,  bull-hand  and  aatal  panala,  whlla  tha 
uppar  glaaing  attuctura  la  coaplataly  coapoalta  conatructlon  (aaa  fig.  25). 

Tha  aaln  cabin  la  elaply  built  In  fraaaa  and  honeyeoab  panala  with  two  aaln  baaaa 
croaalng  tha  fraaaa  In  tha  roof  araa  to  tranafar  tha  aaln  gaarbox  attachaanta'  loada 
(aaa  fig.  26). 

Tha  raaaon  why  tha  lowar  forward  fuaalaga  and  tha  aaln  cabin  la  In  natal 
conatructlon  lb  aalnly  dua  to  tha  craahworthy  raqulrananta . 

Tha  third  aodula  la  tha  raar  fuaalaga  whata  tha  3  varlanta  have  thalr  major 
dlffarancaa  I  aach  variant  haa  a  dadlcatad  raar  fuaalaga  (aaa  fig.  22)  ona  for 
naval,  ona  for  civil  coaprlalng  a  wide  baggage  coapartaant.  and  ona  for  tha  utility 
with  a  raar  raap.  Raar  fuaalaga  type  of  conatructlon  la  conventional  eenlaonocoque 
and  It  la  connected  to  tha  cabin  and  to  tha  tall  unit  through  nodular  Jolnta. 

Tha  laat  alrfraaa  aodula  la  tha  tall  unit  coaprlalng  vertical  fin,  horlxontal 
atablllaer,  Intermediate  and  90*  gear  box  attachaanta. 

Tha  type  of  conatructlon  la  coaplataly  in  coap->elte  (aaa  fig.  2?)  and  thla  reduced 
tha  weight.  In  reapect  to  tha  conventional  conatructlon.  and  alao  coat  bacauaa  of 
tha  alapllclty  achieved  la  auch  that  all  tha  coaplata  unit  la  manufactured  In  only 
20  placaa. 

Whlla  tha  tall  unit  will  bo  Initially  aafa  Ufa  certified  tha  type  of  conatructlon 
la  auch  aa  to  have  an  inherent  fall-aata  capability  that  will  be  utlllaed  in  a  latar 
ataga  to  aaat  a  damage  tolerant  cartlflcatlon.  Finally  all  tha  euperetructure  for 
anglnea  and  tranaaiaalon  eowllnga,  coapartaanta  and  falrlnga  are  baalcally  In 
coapoaitaa  material. (aaa  figure  2S) 

Analyala  of  tha  dlagraaa  it  fig.  23  and  24  ahova  that  alao  in  thla  caaa  tha  weight 
and  coata  of  tha  cabin  ara  alaoat  in  line  with  tranda. 


2.5.1.  Control  Syataa  and  Hydraulica  Daalgn  Solution 

Tha  control  eyaten  la  a  conventional  mechanical  low  friction  daalgn  with  puah-pull 
roda  and  ballcranka  t  vary  alapla  and  reliable, 

Tha  aachanlcal  ayetar  la  directly  connected  to  tha  aarvo  valvaa  on  tha  3  hydraulic 
Jacka  controlling  a  conventional  fixed  awaahing  plate.  A  aiallar  ayetaa  connacta  tha 
padala  to  tha  tall  rotor  hydraulic  jack.  Cyclic-collective  and  collective  yaw  ara 
alao  connected  through  a  aachanlcal  Interlink  (aaa  fig.  29). 

Tha  hydraulic  ayataa  la  daacrlbad  in  fig.  30  with  tha  3  aaln  integrated  hydraulic 
puapa  connected  with  two  change-over  eolenold  valvaa  and  a  fourth  electrically 
driven  AC  puap  for  ground  chacka  and  eaargancy  brake  accumulator  recharge. 

Two  hydraulica  puapa  are  Inatalled  on  the  auxiliary  gear  box,  whlla  tha  third  one  la 
Installed  directly  on  the  aaln  gear  box.  In  auch  a  way  In  caaa  of  coaplata  failure 
of  the  auxiliary  gear  box.  at  leaat  until  tha  aaln  rotor  la  running  chare  will  be 
hydraulic  power  to  control  It  .  (aaa  fig.  13) 


2.6  ELECTRICAL  SYSTEM 

2.6.1.  Daalgn  Rcqulraaanta 


DRIVING  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURES 


Power  for  avlonlca  Including  radar  and 
aonar,  blade  fold,  engine  intake  and 
wlndacraan  antl-lclng 

Additional  power  for  rotora  and 
tall  plana  antl-da/lclng 

Full  capability  after  generator  failure 

Eaargancy  power  after  2  ganaratora 
failure 

Independency  of  generator  fallurea 


4  5  KVA 

90  K\  . 

2  aaln  ganaratora 

Additional  10  KVA  eaargancy  generator 

1  aaln  ganaratora  lnutallad  on  tha 
aaln  gaarbox,  plua  ona  aaln  generator 
on  tha  Accaaaory  Gaarbox 


2,6.2.  Daalgn  Solutiona 

The  aalactad  electrical  configuration  reflacta  tha  faaturaa  aaan  above  (see  fig.  31) 
Conaonallty  la  not  coat  affective  aa  ragarda  anti  da-lclng  capabllltlaa  thus 
Interchangeable  45  KVA  or  90  KVA  genaratura  ara  fitted,  plua  a  coaaon  10  KVA 
generator. 
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2.7  AVIONIC  SYSTEM  AND  DY8FLAT8 


The  operational  r squlraaenta  for  this  ayicn  era  different  for  oil  civil*  naval  or 
utility  variants.  A  strong  degree  of  commonality  was  cartalnly  not  achievable.  On 
tha  contrary  the  aafaty  isaua*  considerable  pilot  work  load  raduetlon  and  a 
aynthatlc  praaantatlon  of  data  vara  cotion  and  strong  requirements. 


DESIGN  REQUIREMENTS 


CONSEQUENT  DESIGN  FEATURES 


-  Reduction  In  pilot  work-load  : 

-  Data  praaantatlon 

-  System  redundancy  and  automatic 
reconfiguration  after  tha  first 
systaa  failure 


-  Data  Integration  on  tha  pilot's 
displays  using  tha  saaa  display 
for  different  purposes  (angina, 
navigation,  warning,  etc.) 

-  Ease  to  adapt  tha  cockpit  Inforaatlon 
praaantatlon  to  tha  alssion  require¬ 
ment*. 

-  Systems  and  transalsalon  health  and 
usage  aonltorad 

-  AFCS  sensors  segregation  from 
monitoring  sensors 

-  Helicopter  to  be  controlled  after 
any  single  avionic  failure. 

-  Radar  meteo  Informations  integrated 
on  tha  cockpit  displays. 

-  Improve  tha  cockpit  information 
presentation. 


-  C.R.T.  type  cockpit  displays  and 
symbol  generators. 

The  Inboard  aircraft  computer  (AMC) 
as  a  key  feature  to  coutrol  and 
manage  the  totality  of  tha  system's 
Informations 

-  Computer,  cockpit*  sensors  communi¬ 
cation  system  reliable  and  Inte¬ 
grated  t  Arlnc  429  or  MIL-STD-1553B 

-  Mission  software  dedicated  and 
adaptable  for  any  slngla  usage. 

-  Specific  H.  &  UM  software  buill 
In  the  AMC. 

-  Physical  separation  between  the 
AMC  and  tha  AFCS  computer. 

-  Stand-by  instruments  and  display. 


-  C.R.T.  radar  presentation. 


-  Coloured  C.R.T. 


2.7.1.  Avionic  System  and  Displays  Dselgn  Solution 

Fig.  32  ahovs  the  schematic  avionic  cockpit  configuration  for  the  naval  variants. 
The  architecture  of  the  system  Is  such  that  lc  allows  to  have  6  cockpit  displays 
devoted  to  the  aircraft  management  and  2  dedicated  mission  displays.  This  cockpit 
configuration  la  not  the  more  suitable  for  a  civil  variant  helo  and  for  It  a 
different  configuration  as  In  fig.  33  Is  foresesn. 

Furthermore  in  order  to  better  reconcile  the  two  different  solutions  it  Is  possible 
to  arrive  to  a  third  configuration  such  as  that  illustrated  on  fig.  34. 

All  these  solutions  are  possible  thank  to  tha  great  flexibility  Injected  In  the 
basic  avlontc  system  architecture  hinged  around  the  AMC.  Fig.  35  and  36  show  the  two 
basic  avionic  architecture  for  civil  and  naval  variants  (AMS), 

The  main  functions  of  the  AMS  are  tha  following  t  Navigation,  communications, 
performance  calculation,  sensor  monitoring,  check  Hat,  H  6  UM  monitoring. 

Segregated  from  tha  basic  AMS  there  la  another  computing  system  dedicated  to  the 
autoatsblllzat Ion  and  autopilot  (AFCS), 

The  autoetablllsi t ion  la  s  function  coaaon  to  all  variant  while  again  some  alssion 
peculiar  functions  will  be  different  frox  one  variant  to  th»  other  (cable  hover, 
e tc  ,  )  . 

Analysing  the  two  basic  avionic  architecture  achemea  It  la  apparent  that  the  basic 
Items  remain  unchanged  except  for  the  communication  media  (MIL-STD- 1 553B  versus 
ARINC  429)  end  related  interface  units, 

Tha  new  technology  approec!.  (airborne  computer  and  multimicro  structure)  allowed  to 
obtain  the  benefits  of  "  dedicated"  aolutlona  and  at  tha  asms  time  to  maintain  a 
high  dagraa  of  commonality  between  allltary  and  civil  conf lgurat ions  with  consequent 
development  coat  reduction,  as  batter  analised  In  paragraph  3. 

Also  tha  weight  la  contained  within  the  conventional  avionic  ayatam  trend,  but  with 
conaidarabla  more  capability.  And  finally  tha  aafaty  was  greatly  enhanced  thanks  to 
tha  duplication  of  all  tha  main  avionic  systems  (AMC,  AFCS,  cockpit  displays,  ate.) 
and  tha  capability  of  tha  halo  to  ba  controlled  also  in  case  of  complete  Integrated 
system  black-out. 
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S.  COST  CONSIDERATION 
3.1  COMMOHALITT 
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At  tha  currant  atatua  of  tha  program  wa  can  maaaura  In  tarma  of  money  tha 
"commonality"  of  tha  thraa  IB  101  varlanta. 

Aa  aald  bafora  "commonality"  uaa  ona  of  tha  main  taaka  and  a  phlloeophy  driving  all 
tha  poaalbla  eholcaa  during  prallminary  and  datail  daolgn. 

Tha  following  tabla  glvaa  tha  parcantagaa  of  common  part.,  ao.,t  ovar  tha  total  coat 
of  tha  hallcoptar  Including  bought  oute  and  raw  material  (unit  production  coat  at 
atablllaad  production)- 

Nota  that  tha  naval  variant  ahowa  a  relatively  low  ti!u«  of  common  parta.  Thla  la 
due  to  the  large  value  of  epaclflc  avlonica  and  armamente. 


EH  101 

COMMON  FARTS  VALUI 

SPECIFIC  MISSION 

VARIANTS 

PAhTS  VALUE 

Naval 

A 1 X 

39X 

Utility 

S3X 

17X 

Civil 

86X 

MX 

3.2  HOB  RECURRING  COSTS  (N.R.C.) 

a  conparluon  atudy  haa  buen  conducted  In  order  to  maaaura  tha  Impact  of  extended 
commonality  phlloaophy  and  of  lntercoapanlea  cooperation  on  N.R.C. 

-  Tabla  2  aynthatixaa  tha  raaultr  of  thla  atudy  on  tha  IH  101  co-operative 

program. 

-  N.R.C, 'a  Incurred  by  ona  company  for  a  dedicated  aircraft  (trenalated  to  a  EH 
101  claaa  hallcoptar).  a  thraa  varlanta  modular  aircraft  and  a  three  variant 
modular  aircraft  daalgnad  with  a  aecond  partner  are  compared. 

-  Lecture  hay  of  tha  tabla  la  column  "A".  Column  "A"  aaya  that  upending  100  1  for 

a  dedicated  halicop-rr  project,  l  t  la  vpant  for  nanagament ,  10$  for 

engineering  and  ao  on.  Tha  other  columna  take  column  "A"  aa  a  rafaranca.  For 
example  If  wa  apend  It  for  management  of  a  dedicated  hallcoptar  (column  A),  EH 
101  program  (column  "0")  will  require  7  t  for  management  (addition  of  Aguer.a  + 
WHL  V  IH 1  management  coata) 

-  Column  lndlcataa  M.B.C.  Incurred  by  a  elngle  company  In  a  three  varlanta 

modular  hallcoptar  development. 

Total  H.K.C,  would  be  791  larger  than  the  expenditure  of  column  "A"  rafaranca 

caaa. 

-  Column  "C"  raporta  relative  axpandlturaa  Incurred  by  EHI-VHL-Aguote  to  develop 
IH  101  parta  and  ayatema  comnon  to  tha  thraa  varlanta. 

Column  "C  ",  "C-",  "C,"  give  ralativa  H.E.C.  to  develop  add-ona  equlpmenta 

peculiar  to  each* of  tha1  naval,  civil  and  utility  varlanta, 

-  Column  "D"  glvaa  total  (all  varlanta)  development  program  coat  Incurred  by  IHI 
a  VHL  a  Aguata.  Indication  la  given  that  all  varlanta  N.I.C.  la  2.05  tinea  tha 
mono-role  elngle  company  N.R.C. 

-  Columna  "I,",  "I,".  "I,"  are  giving  N.R.C,  Incurred,  by  each  company,  to 

develop  (up  to  atablllaad  production  phaaa)  the  thraa  main  varlanta.  Mora 
corractly  apaaklng,  flguraa  rapraaaat  coat  Incurred  at  nation  level.  Thanka  to 
Government  and  National  Financial  gupport,  Aguata  afforded  coat  are 

conalatently  lower,  but  thaaa  conalderatlona  are  rnalyxad  Inter. 
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W#  would  like  to  add  soat  coaamt  o;t  tha  valuta  indicated  on  table  2,  comparing 

laalnly  coluam  “DM  (EH  101  full  program)  and  MAM  (dadlcatad.  alngla  company 

aircraft) . 

1)  Nanagesent .  Thla  itess  ahova  a  notlcaabla  ratio  of  7  (D/A.  It  la  aaay  to 
unSeratand  why  :  lntercospanlea  cooparatlon  atana  seetlngs,  dlacuaalona, 
travels,  necessity  of  agreement  on  procaaiaa.  sethods,  procidurta  and 
work-aharing ,  ate, 

2)  1  £*  •  £AnI  •  Ratio  D/A  of  thla  ltaai  la  71/30. 

Reasons  For  th'.a  art  tha  longar  preliminary  atudlas  and  tha  continuous 
•valuation  and  anallaya  of  concapcual  and  detail  aolutlona  In  ordar  to  aaat  the 
cuaaonallly  taak. 

Dlatanca  between  two  coapanlea  dealgnara  alao  affect*  engineering  work  in  t«r*n 
of  coati  and  t ise  achadula, 

3)  Tasting.  Ratio  D/A  of  thla  itas*  la  85/39,  aatnly  due  to  larger  anount  ot 

prototypes  to  be  evaluated  and  qualified.  Any-how  a  significant  nusbtr  of  teats 

and  results  will  be  shared  and  conaidered  valid  between  the  military  and  civil 

versions,  if  properly  progressed  and  conaidered. 

We  can  see  that  only  17, 6X  (»  15/85  .  100)  of  testing  will  be  peculiar  to  naval 
variant,  and  4.7X  ( -  4/85  .  100)  to  civil  variant;  while  approx  isate  ly  70I  (.  - 

38/65  .  100)  of  testing  will  be  useful  for  tha  cosson  helicopter,  i,e.  useful 

for  all  variants. 

4)  Tooling .  Ratio  D/a  •  11/8  .  Cossonallty  h*»  a  beneficial  affect  on  tooling 

cost.,  since  only  a  asall  asount  of  tooling  is  dedleatsd  to  specific  variants, 
while  85*  of  tooling  is  cosson.  Note  that,  aa  a  driving  philosophy, 
pre-production  or  developsent  tooling  Is  designed  and  sade  aa  production 
tooling,  and  will  be  used  in  production  phase. 

5)  4  7)  Product  Support;  Maturity  The  ease  consents  apply  here  as  for 

tooling}  with  approxisately  equal  parcantage  of  specific  variant  costs  over 
cosson  parts  costs. 

b)  Capital  Assets.  According  to  the  present  status  of  the  progras,  1001  of  new 
•tacKTnery  end  building  ere  dedicated  to  cosson  parts. 


8)  Learning,  Ratio  D/A  -  11.4/8  .  Special  attention  has  been  given,  to  avoid  or 
to  re'duce  to  a  slnlsus  doubla  source  ltesa  for  sanuf ac tur ing  work-sharing,  in 
order  to  obtain  saxlsus  learning  benefits  during  the  initial  production  phase. 
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Tht  trua  significant  convenience  of  project  Integration  to  evident  bp  columns  I,, 
1,.  1,  Indicating  coapocotlvo  N.K.C.  Incurred  by  ooch  company  (or  batter,  by  oath 
eltloa  elnce  national  financial  help  or  aupport  to  Aguatn  la  to  be  considered  )  to 
develop  the  aaval,  civil  and  utility  helicopter. 

Commonality  allove  to  divide  by  ]  Incurred  coata  tor  the  cannon  parte. 

Double  partaerahip  work-sharing  allova  to  divide  by  1  the  N.K.C.'a.  A  typical 
foraula  to  calculate  the  coat  Incidence  on  each  variant  la  t 

n.k.c.  vt  •  (  c/i  cp  1/1 

vhero  i 

N.K.C.  »t  •  N.3.C.  or  "l"  variant,  National  ahara 
C  •  conaon  parte  N.R.C.  (coluan  C) 

C(  *  add-ons  N.K.C.  peculiar  to  "*"  variant  (coluan  Cj,  CJt  Cj). 

At  the  bottoa  of  I,  coluana  an  aaouat  la  ahavn,  lndlcatlnt,  it percentage  of  "A*1 

coluana ,  the  N.K.C.  at  nation  level  to  develop  each  variant.  ~ 

Ae~an  anaapla  AO.S  (bottoa  of  I,  coluan)  aaaaa  that,  duo  to  simultaneous  latepratad 
devalopaaat  of  )  varlaata  and  to  HIL-Aguata  work-sharing,  each  nation  vlll  (at  a 
fully  dovalopad  naval  varalon  of  tha  IN  101  at  40.51  of  the  coat  that  vould  have 
bean  Incurred  developing  a  dedicated  aaval  helicopter  (of  IN  101  claaa)  vlthout 
International  partnership. 

Figure  ))  coaparaa  N.K.C.  at  national  level,  to  be  afforded  in  order  to  develop 
three  different  hallcoptara  (naval,  civil  and  utility)  vlth  three  different 
approachea  i 

let  approach,  A  alngle  company  la  taakod  to  develop  three  dedicated  aircraft 
of  about  tha  aaaa  weight,  but  with  no  connonallty. 

2nd  approach,  A  alngle  coapeny  la  tanked  to  develop  three  apaclfic  varlaata  of 
an  Integrated  project. 

Ird  approach,  Sana  aa  accond  approach  but  with  ono  foreign  partuer, 

4 .  CONCLUSIONS 

The  EH  101  la  a  hip*  performance  all  weather,  low  pilot  workload  multlrolc 
halieopcer  designed  to  operate  In  a  wider  range  of  environments  and  aeenarloa  than 
present  generation  rotorcraft. 

The  trl-varlant  nodular  concept,  with  a  high  degree  of  commonallity  (61X  to  Sit  la 
terms  of  unit  cast),  together  with  the  bl-natlonel  Industrial  work  sharing  approach 
haa  allowed  a  saving  relative  to  tha  developaient  of  three  separata  variants  and  a 
further  splitting  of  non  recurring  coat  between  tha  two  nations,  while  at  the  sans 
tine  eapandlng  the  total  market. 

In  quantitative  term.*  the  following  peraaatera  are  significant  : 

-  Total  N.R.C.  of  a  1  variant  national  program  would  be  401  of  the  total  coat  of 
three  aonovarlanc  programs 

-  Total  N.K.C.  of  a  3  variant  bl-natlonel  program  la  slightly  higher  (1151)  than 
the  corresponding  national  program,  but  alnca  It  la  split  Into  two,  each  nation's 
contribution  la  actually  57.51 

In  order  to  satisfy  the  requirements  of  all  roles  tha  resulting  A/C  la  a  high 
pvrfornence  machine  often  axcaedlng  tha  minimum  required  In  each  single  role,  since 
It  la  generally  driven  by  tha  most  demanding  of  the  three. 

It  was  possible  to  avoid  paying  for  chase  exceptional  capabilities  In  terms  of  empty 
weight  (thus  reduced  payload)  through  maximum  utilisation  of  high  technology. 

The  overall  result  la  surprisingly  favorable  i  IN  101  empty  weight  la  between  7.51 
(naval)  and  141  (civil)  lower  than  tha  avarags  tread. 

Of  couraa  the  extra  non  recurring  coata  of  tha  Introduction  of  advanced  technology 
Into  the  program  are  easily  affordabla  through  tha  above  seen  bi-natlonal  approach 
and  the  wide  market  which  the  UN  101  haa  bought  for  himself. 


FIGURE  3  -  EH101  &  SH-3D  WITH  SANE  EQUIPMENTS 
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FIGURE  il  -  LOW  SPEED  FLIGHT  ENVELOPE  l AGILITY) 
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FIGURE  7 


-  TOTAL  MAN  HOURS  VERSUS  ALL  UP  WEIGHT 


FIGURE  8  -  COMPOSITES  IN  EH101 


FIGURE  9  -  EH101  MAIN  ROTOR  HUB 


FIGURE  10  -  EH101  MAIN  ROTOR  BLADE 
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FIGURE  11  -  EH101  MAIN  ROTOR  WEIGHT  VERSUS  ALL  UP  WEIGHT 


DESIGN  TO  COST 


FIGURE  12  -  EH101  M.R.H,  MANUFACTURING  HOURS  VERSUS  ALL  UP  WEIGHT 
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FIGURE  m  -  EH101  MAIN  GEAR  BOX  SCHEME 


FIGURE  15  -  EH101  DRIVE  SYSTEM  LAYOUT 
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FIGURE  1G  -  EH101  DRIVE  SYSTEM  HEALTH  AND  USAGE  MONITORING 
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FIGURE  17  -  EH101  DRIVE  SYSTEM  WEIGHT  VERSUS  ALL  UP  WEIGHT 
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FIGURE  20  -  EH 101  TAIL  ROTOR  WEIGHT  VERSUS  ALL  UP  WEIGHT 


FIGURE  21  -  EH 101  TAIL  ROTOR  HAN  HOURS  VERSUS  ALL  UP  WEIGHT 


FIGURE  22  -  EH101  AIRFRAME  NODULAR  DESIGN 
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FIGURE  23  -  EH101  AIRFRAME  WEIGHT  VERSUS  ALL  UP  WEIGHT 
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-  AIRFRAME  FAN  HOURS  VERSUS  AIL  UP  HEIGHT 
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FIGURE  25  -  EHIOl  COCKPIT  DESIGN 
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FIGURE  29  -  EH101  FLIGHT  CONTROLS  SCHEME 


FIGURE  30  -  EH101  HYDRAULIC  SYSTEM  SCHEME 


FIGURE  31  -  EH101  ELECTRICAL  SYSTEM  SCHEME 


FIGURE  32  -  EH101  INSTRUMENT  PANEL  MILITARY  STANDARD 


FIGURE  33  -  EH101  INSTRUMENT  PAt  EL  CIVIL  STANDARD 
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FIGURE  36  -  EHI01  MILITARY  STD.  AVIONIC  ARCHITECTURE  MIL-STD-1553 


N.R.C.  COMPARISON  iwrs#  to  tanl*  a> 


NOTE  ■ 

PERCENT  AG£$  ARE  GIVEN  ASSUMING 

:00-  TOTAL  N.R.C.  OF  ONE  OEDICATEO 

HaiCDP^R  OEVUCPED  IY  A  $I«U  COP  ANT. 

LEGEND A: 

A  j  SIMC4.E  COPAWr.  iHilE.  DEDICATED  Hh 
INTEGRATED  KUOPTERS.  VALUES  A ft 
THEE  TMS  1KEE  OF  1*1  ?  OOUIH  A. 

a,  SIWLE  CDWff.  TMEC  VARIANTS.  UMAR 
3MCEPT.  INTEGRATED  PROJECT  .VALUES 
ARE  THOSE  Of  TABLE  2  COLUAPA  6. 

D  i  NOMR*l€*S.irei  VARlAtfS.IMTEtRAIfD 
NUECf.lEH-IOl  CASH  VALLES  ARE  HALF  1UCS 
TUBE  ff  TABU  2  CailPi  0. 


FIGURE  37  -  EH10I  DIFFERENT  APPROACHES  TO  DEVELOP  A  NAVAL  +  A  CIVIL  + 
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14.  Abstract 


The  expanding  roles  of  the  helicopter  and  the  intensified  threat  perceived  by  its  potential  user 
have  led  to  proposals  for  future  rotorerraft  with  characteristics  significantly  different  to  existing 
types.  The  resulting  rapid  evolution  of  rotorcraft  configurations,  in  response  to  user  demands, 
now  requires  a  translation  into  design  criteria  to  permit  the  aerospace  R&D  community  to 
provide  appropriate  and  cost  effective  responses  to  these  demands.  The  objective  of  this 
symposium  was  to  explore  the  impact  of  operational  needs  on  the  evolution  of  rotorcraft  design. 
The  result  will  be  to  provide  a  review  of  the  present  status  of  rotorcraft  design  and  to  identify 
priorities  and  neglected  topics.  Three  specific  issues  were  central:  i  ) 

—  The  translation  of  operational  mission  requirements  into  design  criteria 
-**-  The  evaluation  of  techniques  to  incorporate  user  defined  needs  into  the  design  and  methods 
of  test  and  verification  •_  j  .  H  > 


The  identification  of  design  areas  where  unusual  or  new  user  needs  are  demanding  special  or 
radical  features,  foinocrti  s;  y »>’  a.  j  /4e>YfrH‘Q  :  Ho\aat  wJiwt  oprfn* >//,  Ah 
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